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TESTS  ON  PLAIN  AND  REINFORCED  CONCRETE 


I.  INTRODUCTION. 

This  bulletin  is  a  report  of  tests-  upon  plain  and  reinforced 
concrete  made  in  the  testing  laboratory  of  the  University  of 
"Wisconsin  during  the  summer  of  1906.  The  following  subjecta 
were  investigated:  bond;  compressive  strength  of  concrete  in 
cubes,  cylinders  and  beams ;  effect  of  compression  reinforcement 
in  heama;  overhanging  beams;  diagonal  tension  failures  and 
methods  of  preventing  the  same ;  tee  beams. 

In  the  investigations,  an  effort  was  made  to  approach  prac- 
tical working  conditions  wherever  possible.  Materials  were 
purchased  in  the  open  market.  Concrete  was  mixed  wet  in 
accordance  with  standard  methods.  Experienced  men  were 
employed  for  this  purpose.  Specimens,  except  in  special  cases, 
were  cured  in  air.  As  the  air  in  the  laboratory  was  considerably 
drier  than  that  out-of-doors,  the  strength  of  the  specimens  doubt- 
less suffered  more  from  evaporation  than  if  seasoned  in  the  open 
air.  The  compressive  strength  of  cubes  and  cylinders  furnishes 
but  little  indication  of  the  ability  of  the  concrete  to  resist  di- 
agonal tensile  stresses.  Tensile  tests  made  in  connection  with 
beams  would,  without  doubt,  be  of  much  more  value  for  this 
purpose. 

A  new  computed  quantity  will  be  noted  in  the  results  of  the 
compression  tests  called  the  600  Ibs./in^  modulus  of  elasticity. 
The  initial  modulus  and  the  secant  modulus  at  the  nltimate 
have  been  employed  in  working  formulae.  The  first  is  evidently 
too  high  a  value,  while  the  second  is  too  low.  In  order  to  ap- 
proximate more  closely  a  ratio  of  stress  to  deformation  'which 
[5] 


D.qil.zM0lGoOl^lC 


6  BULLETIN   OF    THE    USIVEKSITT    OF    WISCONSIN 

will  apply  to  working  stresses,  the  slope  of  a  line  drawn  from 
the  origin  of  coordinates  to  a  point  on  the  stress-deformation 
curve  representing  a  stress  of  600  lbs./in-.  has  heen  deter- 
mined and  reported.  While  it  is  recognized  that  the  modulus  of 
elasticity  of  concrete  is  a  variable  quantity,  it  is  believed  that 
values  computed  in  this  manner  are  sufficiently  accurate  for 
working  conditions  under  static  loading. 

As  the  principles  of  continuity  over  supports  has  a  wide  ap- 
plication in  all  concrete  structures,  it  was  decided  to  make 
overhanging  beams  for  the  purpose  of  investigating  web  stresses. 
A  constant  amount  of  horizontal  reinforcement,  large  enough 
to  develop  the  full  strength  of  the  concrete  in  compression, 
was  employed  The  ratio  of  span  to  depth  was  made  small  to 
secure  high  tensile  web  stresses. 

A  great  deal  of  pains  was  taken  to  note  the  appearance  and 
growth  of  cracks.  In  reporting  failures,  the  primary  one  is  in 
all  cases  tabulated.  The  diagrams  of  cracks  and  reinforcement  ■ 
are  scale-dralwn  copies  of  sketches  made  from  measurements 
taken  on  the  beams.  These  are  included  here  in  order  that  the 
position  of  cracks  with  reference  to  reinforcement  may  he  ob- 
served. 

The  inception  of  these  experiments  was  due  to  Dean  F.  E. 
Tumeanre.  Much  of  the  work  was  planned  by  him  and  carried 
out  at  his  suggestion.  Acknowledgement  is  also  made  to  F.  M. 
McCullough,  H.  P.  Moore  and  E.  A.  Moritz,  members  of  the 
instructional  force,  and  E.  P.  Abbott  of  the  class  of  1908  for 
valuable  assistance  in  these  investigations.  H.  F.  Lutze,  of  the 
class  of  1908,  assisted  in  preparing  drawings  for  this  bulletin. 
Funds  for  the  work  were  provided  by  the  University. 

II.     DESCRIPTION  OF  MATERIALS. 

Metal: — All  reinforcement  was  purchased  in  the  local  mar- 
ket. "With  one  exception,  round  rods  of  mild  steel  were  used  as 
longitudinal  reinforcement  in  all  beams.  In  the  compression 
beams,  Series  A,  i-inch  Johnson  corrugated  bara  (new  style) 
were  employed.  For  web  reinforcement,  i-inch  and  -^-ineh 
[6] 
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round  rods  and  expanded  metal  were  used.     Table  I  shows  char- 
acter of  metal. 

TABLE  I. 
Tension  Tans  oySTBRL. 


Diameter  of  Specimen  (in  ina.) 

Yield  Point 

(in  lba./in.') 

Ultimate  Strength 

;in  lba./in.') 

93,700 
53,000 
51,600 
38,600 
36,400 
42,300 
42,200 

101,000 

r':::: :::;■:;::::■■::::: 

66,700 

56,000 

A 

r 

61,600 

i                         . 

Stone : — Crushed  limestone  from  Kankakee,  Illinois,  was  used 
in  this  work.  It  was  of  good  quality,  weighed  83  pounds  to  the 
cubic  foot,  measured  loose,  and  contained  48J  per  cent  voids. 
The  proportion  of  the  various  sizes  in  a  40-pouiid  sample  ia 
shown  in  Table  n. 

TABLE  II. 
ANALvaia  or  Stohb. 


Diameter  of  Meeh  (in ins.) 

Amount  Retained 
lio'lba.) 

Per  Cent. 
Passing. 

^ 

2.00 
27.25 
9.00 
1.06 
.44 

la:::::::::::::::::::::::::::;;:::: 

No. 20 

1.1 

Sand: — The  local  market  supplied  the  sand.  Although 
fairly  clean,  it  was  too  fine  to  give  the  best  results.  It  weighed 
103  pounds  per  cubic  foot,  looee,  and  contained  38  per  cent 
voids.     A  mechanical  analysis  is  given  in  Table  III. 

[7] 
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TABLE  III. 
AniLisia  OF  Sand. 


.    Bieve  No. 

DiamoUr  o( 
Mesh,  (in  ioe.) 

P«r  cent 
PaniDg. 

0.131 
0.073 
0.012 
0.03* 
0.022 
0.016 
O.Oll 
0.0078 
0.0015 

^o.... ................ ............ 

96.1 

78.1 

Cement: — The  United  States  Geological  Survey  furnished  all 
cement.  Table  IV  contains  the  results  of  tests  made  upon  the 
various  brands  of  cement  used  in  these  experiments. 
These  tests  were  made  in  accordance  with  the  rules  of  the 
American  Society  for  Testing  Materials.  The  mixed  brands 
consisted  of  five  Standard  American  Portland  Cements.  Say- 
lors  and  Giant  brands  were  used  in  the  overhanging  beams,  Le- 
high in  the  beams  of  Series  B,  Dragon  in  beams  of  Series  A  and 
the  mised  brands  in  the  tee  beams. 

Concrete: — A  1:2:4  mixture  was  adopted  as  being,  on  the 
whole,  the  moet  suitable  for  this  work.  All  materials  were  meas- 
ured loose  except  the  cement  which  was  weighed,  100  pounds 
being  allowed  to  the  cubic  foot.  The  cement  and  sand  were 
thoroughly  mixed  dry,  and  then  the  wetted  stone  was  thrown 
upon  the  dry  mortar.  Water  was  added  and  the  whole  turned 
until  it  appeared  of  uniform  consistency.  About  8^  per  cent  of 
water  by  weight  was  required  to  produce  a  wet  mixture  whidi 
could  be  easily  worked  around  the  reinforcement. 

Specimens  were  surfaced  by  running  a  large  trowel  around 

the  inside  of  the  mold,  thus  bringing  the  mortar  to  the  outside 

and  forming  a  smooth  finish.     This  was  necessary  in  order  that 

cracks  might  readily  be  detected. 

[81 
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TABLE  IV. 
TiNBiLX  Btbbhoth  of  Csmknts. 


Ultimate  Strength  (in  tbs./io.*) 

BraDd. 

BaiQCETTB 

Age  7  Days. 

Age  26  Days 

Neat 

1:3 
Mortar. 

Neat. 

1:3 
Mortar. 

260 
220 
240 
2L0 

542 
470 
542 
522 

3.10 
360 
316 

330 

630 
630 
680 

4 

Average...         575 

S3S 

519 

'^~fl85~ 
695 
690 
660 

!        6.% 

680 
650 

620 

311 

310 
3.Vi 
370 
395 

378 

250 
225 
290 
290 

636      [       216 
506      '        206 

3        

Lehigh. 

561 

8S. 

440 
560 
6-W 

160 
220 

176 

1f^3 

3 

Dragon. 

Average... 

501 

177 

1        570 

1      eeiT" 

700 

261 

361) 
290 
358 
312 

2 

654 
696 
500 

191 
236 
232 

i 

636 

520 
536 

240      i|        691 

330 

160 
138 
160 
190 

1        680 
680 
680 
600 

248 
308 
S22 
280 

3 

Mixed  Brands. 

Average... 

486 

162 

oco 

261 

[9] 
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III.     BOND  TESTS. 

The  form  of  specimen  adopted  in  these  te8t«  was  that  of  a 
prism,  8  inches  by  8  inches  in  cross-section.  Part  of  the  blocks 
were  6  inches  long  and  the  remainder  8  inches.  In  all  cases, 
one  end  of  the  rod  was  set  flush  with  the  face  of  the  block 
while  the  other  projected  from  the  opposite  face  far  enough 
to  afford  a  hold  for  the  grips  of  the  testing  machine.  The  rods 
were  all  of  mild  steel  from  the  same  lot  as  the  steel  used  in  the 
beams.  Specimens  were  allowed  to  remain  in  the  mold  for  two 
days  and  in  the  air  for  twenty-five.  In  testing,  the  rod  was 
run  up  through  the  movable  erosshead  of  the  machine  and 
gripped  by  the  fixed  erosshead.  The  movable  head  was  then 
run  down  and  the  specimen  adjusted  to  an  even  bearing.  No 
plaster  of  paris  or  blotting  paper  was  used  between  the  specimen 
and  erosshead.  This  method  of  testing  is  not  ideal  as  a  com- 
pressive stress  is  placed  upon  the  concrete  next  to  the  pulling 
head  which  doubtless  increases  the  bond.  The  maximum  load 
was  read  and  the  bond  computed  from  it.  As  soon  as  the  rod 
had  slipped  an  appreciable  amount,  the  load  which  balanced  the 
beam  was  noted  and  recorded  as  the  irictional  resistance.  This 
reading  was  taken  while  the  machine  was  still  running. 

Table  V  contains  the  results  of  teats  made  from  various 
batches  of  concrete.  Nos.  8  and  9  in  this  table  were  made  from 
a  concrete  in  which  limestone  screenings  and  sand  were  used 
as  aggregate.  The  screenings  contained  about  40  per  cent  of 
dirt.  From  Pig.  1,  it  would  seem  that  the  bond  of  1 :2  A  con- 
crete increases  with  the  compressive  strength.  For  these  tests 
the  bond  developed  averages  about  .3  of  the  compressive 
strength. 


[10] 
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TABLE  V. 

Vabiation  op  Bond  with  the  Comfrkbsivb  Strbnoth.    1:3:1 


GoNCBBTK. 

Ags  of  apecimens  S8  da.ya. 


^ 

y 

y 

3 

/ 

> 

y 

y 

o 

o 

^ 

y 

^ 

y 

^ 

Fi&.  1. — Relation  BrrwiXM  Boxd  and  Compbessive    Stbenotb. 

[11] 
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Valdeb  or  Bond  Developedvob  Bodb  or  DirpiBxirr  DiAHBTKaa. 

Age  of  •pecimeDB  28  days.    Compressive  Streogth  of  1:2:1  Concrete 

1,150  lb8./iD.* 


S5 

1 

1 

4 

^|7 

III 

111 

5  2 

llj 

ii 

-i"o 

Ii 

1 

tV 

.0276 

"V 

i.iec 

12,000 

93,700 

337 

267 

.82 

2 

» 

.0191 

2,525 

51.600 

53,000 

635 

115 

.83 

3 

f 

.1100 

3,800 

20,100 

51,600 

154 

370 

.82 

i 

I 

.1960 

3,600 

18,100 

38,600 

S82 

276 

.78 

5 

A 

.2180 

1,100 

113,500 

36,100 

387 

284 

.75. 

« 

! 

.3070 

1.600 

15,000 

IS, 300 

39L 

310 

.87 

7 

1 

.1120 

1,600 

10,100 

12,200 
Average. 

327 

270 

.88 

100 

322 

.80 

8 

iV 

.0276 

8 

1,750 

63,100 

93,700 

372 

350 

M 

9 

i 

.0191 

1,800 

36,700 

53,000 

286 

256 

.89 

10 

i 

.UOO 

3,1«)0 

29,100 

51,600 

310 

170 

.50 

11 

i 

.1960 

1,000 

20,100 

38,600 

318 

270 

.85 

18 

V. 

.2180 

1,100 

17.700 

36.100 

.311 

276 

.89 

13 

1 

.3070 

.1,900 

12.700 

19,300 

218 

210 

.86 

11 

1 

.USO 

5,500 

12,100 

12,800 
Average. 

292 
310 

265 
257 

.91 
.83 

Tflble  VI  gives  the  results  of  testa,  all  of  which  were  made 
from  the  same  batch  of  concrete.  It  will  be  noted  that  the  aver- 
age bond  of  the  6-ineh  specimens  was  400  lbs. /in-.,  while  that 
developed  by  the  8-ineh  was  only  310  lbs./in=.  The  frietional 
resistance  changed  in  a  like  manner.  For  the  6-inch  and  the 
8-inch  specimens,  the  frietional  resistance  averaged  80  per  cent 
and  83  per  cent  respectively  of  the  bond  stress. 

An  attempt  was  made  to  ascertain  the  effect  upon  bond  of 
bending  over  the  end  of  the  bar.  For  this  purpose  the  bars  were 
bent  at  right  angles  two  inches  from  the  end.  In  making  the 
specimen,  the  bar  was  placed  in  the  center  of  the  mold  with  the 
bend  on  the  bottom  and  extending  towards  a  comer.  These 
specimens  were  made  from  the  same  batch  as  those  of  Table  VI. 
A  compariiioa  of  the  bond  of  straight  and  bent  rods  is  giv«n  in 
Table  VII. 
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TABLE  VII. 

CoMPABtaoN  BsrwEKN  Bond  of  Straioht  ahd  Bent  RoDa. 
A^  of  apecimeaa  23  da.vs.  Compreaaive  strength  of  concrete  1. 150  Ibs./in 


1 

If 

III 

m 
iii-° 

Ills 

Remarks. 

s 

1 

6 
8 

1,655 

1,160 
1,750 

Bent  rod  slipped. 

tl 

'"siieo" 

2,5ir. 

H 

2.600 

1,81)0 

6 

3,i:)0 

.1,200 

In  bent  rod  epecimena. 

8 

3,t!00 

3,200 

Concrete  split. 

1 

e 

.1,710 

3,600 

1 

8 

5,750 

4,000 

A 

6 

4,100 

4,100 

8 

5,050 

4,100 

» 

6 

5,100 

4,600 

8 

6,300 

3,900 

1 

6 

5.100 

1,600 

8 

5,600 

5,500 

" 

IV.  COMPRESSION  TESTS. 

With  every  batch  of  concrete,  one  or  more  specimens  were 
made  to  determine  the  compressive  strength  of  the  mixture.  In 
general,  two  of  these  specimens  were  made  at  a  mixing,  a  4-ineh 
cube  and  a  cylinder  6  inches  in  diameter  and  18  inches  long. 
Particular  care  was  taken  in  making  the  cylinders.  Cast  iron 
molds  with  ends  planed  parallel  and  the  inside  ground  to  a 
uniform  bore  were  employed.  These  were  oiled  and  set  up  on 
a.  horizontal  slate  slab.  The  concrete  was  puddled  with  a  ^-inch 
rod  as  it  was  poured  into  the  mold  so  that  the  surface  would  be 
free  from  air  holes.  An  excess  of  material  was  placed  upon 
the  top  to  allow  for  settling,  it  was  found  that  at  the  end  of 
a  half  hour  most  of  the  settling  had  ceased.  The  head  of  the 
cylinder  'was  then  carefully  leveled  off  with  a  trowel.  All  cubes 
and  cylinders  except  S,  and  Si  were  cured  in  air.  These  were 
stored  in  water  after  two  days  in  the  molds. 
[13] 
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In  testing,  those  cylinders  whose  tops  were  uneven  were  im- 
bedded in  plaster  of  paris.  These  are  marked  with  an  asterisk 
in  the  tables.  The  others  were  bedded  on  two  sheets  of  blotting 
paper  at  the  top  and  bottom.  The  cubes  were  also  bedded  on 
blotting  paper. 

Plate  I  shows  the  compressometer  for  measuring  deformations 
of  cylinders.     The  apparatus  consists  essentially  of  two  collars 


PlATB    I.      COUPBEBSOMBTEB    APPAKATUa. 

which  are  separated,  while  the  instrument  is  being  put  on,  by 
a  12-inch  gauge  bar.  On  the  back  side  of  the  upper  collar  is 
a  slotted  pin  to  which  is  attached  one  end  of  a  No.  32  covered 
copper  wire.  The  wire  is  carried  vertically  downward  parallel 
to  the  axis  of  the  cylinder  to  a  pulley  mounted  on  the  lower 
collar.  It  is  then  led  around  the  test  piece  by  means  of  a  pulley 
[U] 
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with  ite  axis  vertical,  to  a  third  pulley  from  -K-hich  it  is  carried 
vertically  to  the  drum  of  a  dial  fastened  on  the  upper  collax. 
A  small  weight  serves  to  keep  the  wire  taut.  The  dial  has  a 
screw  and  lock-nut  attachment  which  allows  it  to  he  removed 
and  placed  upon  other  apparatus.  The  circumference  of  t^e 
dial  is  graduated  into  1,000  parts.  As  the  dial  drum  is  1  inch 
in  circumference,  the  vernier  sttacbment  makes  readings  to  one 
ten-thousandth  of  an  inch  possible. 

This  form  of  apparatus  proved  very  efficieat  and  satisfactory 
in  this  work.    Its  advantages  are : — 

An  average  deformation  of  both  sides  of  the  specimen  is  ob- 
tained by  reading  only  one  dial. 

The  apparatus  can  be  quickly  adjusted.  Only  a  minimum 
amount  of  time  is  consumed  in  taking  readings.  In  fact,  this 
may  be  done  without  stopping  the  machine. 

It  is  not  necessary  to  touch  the  apparatus  after  the  test  is 
started. 


°     i     °     i     °     i     °     i     i     i     i 

DcformBtlon  pM  unit  ot  l«egUi. 

n<3.  2. — Ctusdees — Stbebs-Dbfobmatios  Cukves  fob  D„  E„  I,  and  3p 

[16] 
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TABLE  VIII. 

'    CoUPBEBaiVB    StBRriaTB    OF    Cti 

CoHCBBTE  1:2:1. 
Age  ot  specimeDS  28  days. 


Total 

Unit 

Total 

Unit 

Name. 

LoadoQ 

Stress  OQ 

LoadoD 

Stress  on 

Cyl. 

Cube 

Cube 

OyliDdw 

Cylinder 

Cube. 

(in  lbs.) 

(iD  lbs.) 

(in  ibe.) 

(in  lbs.) 

A, 

81,000 

1,910 

67,800 

2,010 

1.05 

c, 

iO,300 

2,520 

59,800 

2,110 

0.81 

c. 

37,700 

2,360 

68,000 

2,100 

1.02  ■ 

D> 

25,900 

1,620 

D. 

27,000 

1.690 

■""65,' 366" 

■■"i'sto" 

......^.... 

E, 

22.SO0 

1.390 

57,000 

2,020 

1.15 

E, 

28,000 

1.750 

51,700 

1,910 

1-11 

F. 

33,000 

2,000 

62,800 

2,215 

1.11 

P 

21,300 

1,960 

58,000 

2,050 

1.05 

G, 

aa.Boo 

1,430 

11.600 

1,580 

1. 10 

Q. 

29,000 

1,810 

42.000 

1,185 

0.82 

H, 

38,900 

2,430 

45,000 

1,590 

0.665 

H, 

20,900 

1,310 

31,00C 

1,200 

0.916 

I, 

39,500 

2,600 

53,000 

l.'J70 

0.75 

I, 

36,000 

2,250 

62;500 

2.210 

0.98 

Ji 

32,600 

2.010 

07,500 

2,380 

1.17 

k 

46,000 

2,870 

75,000 

2,650 

0.925 

22,000 

1,360 

44.400 

1,570 

1.11 

K, 

56,000 

1,620 

40,000 

1,110 

0.87 

Li 

29.000 

1,810 

47,100 

1,660 

0.915 

L, 

30,000 

I,8B0 

12.000 

1,490 

0.79 

M. 

20,300 

1.270 

38,000 

1,310 

1.05 

M, 

21,100 

1,510 

41,300 

1,160 

0.97 

N, 

21,500 

1,530 

47,500 

1,680 

1.10 

N, 

30,800 

1,9% 

51,700 

1,830 

0,95 

P, 

20,000 

1,250 

37,500 

1,330 

1.06 

P. 

19,000 

1,120 

10.500 

1.130 

1.28 

Bi 

32,300 

2,020 

40.000 

1.410 

0.70 

R 

22,200 

1,390 

50,000 

1.770 

1.27 

t' 

29,500 

1.810 

15,000 

1,590 

0.865 

Tj 

S^100 

1,100 

38.800 

1,370 

0.98 

V, 

36,200 

2,230 

63.800 

2,250 

1.01 

V. 
B.dry 

28,250 

1,770 

50,000 

1,770 

1.00 

21,600 

1,3E0 

39,000 

1,380 

1.02 

8.    " 

19,000 

1,190 

.■«,700 

1,300 

1.09 

S,  wet 

22,800 

1.420 

35.700 

1,260 

0.89 

S.     " 

28,000 

1.750 

47.500 

1,680 

0.96 

Aver 

1,755 

1,750 

1.00 
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TABLE  IX. 
Moduli  of  Elasticity  or  Cyi-iNDBRa. 


Max. 

Initial 

6001ba.perBq.in. 
Modulus 

UlUmate 

CYL. 

Stress 

Modulus 

Modulus 

(in  Ib8./in.') 

(inlb8./in.') 

(in  Ibs./iD.') 

<inlbs./in.') 

c. 

2,100 

2,800,000 

2,800.000 

1,400.000 

Di 

2,310 

2,900,000 

2.900,000 

1,800.000 

E. 

1,040 

3,000,000 

3,700,000 

1,400,000 

F, 

2,81& 

2.700,000 

2,700,000 

8,000,000 

F. 

3,060 

4.100,000 

3,400.000 

2,200,000 

«i 

1,580 

2,900,000 

2,500.000 

1,800,000 

G. 

1,485 

2,600,000 

2,500.000 

1,700,000 

H, 

1,590 

3.100,000 

3.100.000 

3,600,000 

H, 

1,800 

2.300,000 

1,600,000 

1,100,000 

I, 

1,870 

3,000.000 

2,800,000 

1,200,000 

I. 

2,810 

SJ,  600. 000 

3,400.000 

1,500,000 

j' 

2,380 

3.600,000 

3,400,000 

1,900,000 

•J. 

2,6eo 

3,  .WO,  000 

3,300,000 

2.800,000 

•K*. 

1,570 

.1.000,000 

2,700,000 

1,300,000 

K, 

1,110 

2.200,000 

2,000,000 

900,000 

•I*. 

1,860 

2,900,000 

2,400.000 

1,600,000 

"L, 

1,490 

4,100,000 

2.200,000 

1.100,000 

M, 

1,340 

2,600,000 

1,900.000 

1,400,000 

■M, 

1,460 

6,500,000 

3.500,000 

1,100,000 

N, 

1.690 

2,100.000 

1.700,000 

1,100,000 

n; 

1,130 

3,800.000 

2,800,000 

1,200,000 

p. 

1,339 

2,500,000 

8,300,000 

1,500,000 

p; 

1,430 

2,300,000 

3,000,000 

1,800,000 

B. 

1,410 

3,200.000 

2,700,000 

1,900,000 

B. 

1,770 

3,100.000 

2,700,000 

1,600,000 

*s. 

i;380 

3,000,000 

2,300,000 

1.100,000 

•l'. 

1,690 

3,100,000 

2.500,000 

1,400,000 

:?*. 

1.S70 

2,200,000 

2,100,000 

1.300,000 

2,8S0 

3,700,000 

3,000,000 

1,700,000 

•V, 

1,770 

3,200,000 
Average 

2,800,000 
2,560,000 

1,400,000 

Ts: 

1,960 

4,600.000 

3.300,000 

2,100,000 

1,680 

3,300,000 

3,300,000 

1,200,000 

Average 

3,360,000 

*0y tinders  bedded 
fCylinders  cured  it 


D  plaster  p&ris. 
water. 
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DeformaUoD  per  anlt  of  lenftb. 
Fai.  3. — CYUKDisa — Btbess-Dbfobmation  Curves  >or  K^  NuP,  andB 
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Detormmtlon  per  anlt  of  lengtli. 
Flo,  4- — Ctlisdebb— SraESB-DEFOBMATios  CUB\-B8  FOB  T„  V„  SLandS.. 
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Table  VIII  shows  a  compamon  between  the  strength  of  the 
cylinder  end  cubes.  In  spite  of  precautions  taken  in  propor- 
tioning and  mixing  to  secure  a  uniform  product,  a  wide  varia- 
tion will  be  observed  in  the  strength  of  the  concrete.  This  is 
attributed  largely  to  the  poor  quality  of  the  sand.  However, 
it  will  be  noticed  that  the  average  strengths  of  both  kinds  of 
specimena  are  the  same.  This  may  be  due  to  the  fact  that  the 
cylinders,  although  weaker  than  the  cubes  on  account  of  their 
height,  had  proportionally  less  surface  to  dry  out.  Conse- 
quently the  interior  of  the  cylinders  suffered  less  from  evapora- 
tion. 

Table  IX  contains  calculated  values  of  moduli  of  elasticity. 
The  quantities  given  in  columns  3,  4  and  5  represent  the  slopes 
of  lines  a,  b,  and  c,  Figs.  2,  3,  and  4,  drawn  on  the  stress  de- 
formation curves  of  the  specimens.  Figs..  2,  3,  and  4  give  a 
number  of  representative  curves.  In  nearly  all  cases  the  curve 
is  practically  a  straight  line  up  to  a  stress  of  400  lbs./in".  In 
many  instances,  lines  a  and  b  coincide.  The  average  slope  of 
line  b  for  the  series  is  2,600.000  lbs./in=. 

Cubes  and  cylinders  S,,  S,,  Sg  and  S,  were  made  from  the 
same  batch  of  concrete.  .  Cylinder  S,  and  S„  which  were  cured 
in  water,  showed  greater  stiffness  and  strength  than  cylinder 
Sj,  The  stress-deformation  curve  for  cylinder  Sa  was  not  ob- 
tained. 

V.  BEAMS. 

Method  of  Making: — As  the  laboratory  floor  was  uneven,  it 
was  necessary  to  use  forms  with  bottom  boards  which  could  be 
leveled  up.  The  general  plan  of  mold  is  shown  in  Fig.  5.  All 
lumber  was  dressed  on  the  inside.  The  braces  were  spaced 
from  2}  feet  to  3  feet  apart.  By  shortening  the  lengths  of  the 
cleats  c-c  and  using  higher  blocks  under  the  bottom  boards,  beams 
of  leas  depth  could  be  molded  in  the  same  forms.  For  shorter 
beams,  the  cleats  were  moved  towards  the  center  of  the  span. 
At  each  end  of  the  forms,  t-ineh  holes,  h,  were  bored  through 
the  sides  at  points  midway  the  depth  of  the  beam  and  over  the 
[19] 
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^V^i^pytC  jf  'BaftiS 


points  of  support.  The  ^-inch  rods  were  run  through  the 
holes  and  left  in  the  beam.  These  served  to  hold  the  deflection 
apparatus.  Where  reinforcement  was  placed  in  the  tops  of 
beams,  a  constant  vertical  position  Vas  secured  by  resting  it  upon 
^-inch  rods  r-r  stuck  through  the  forms.  These  rods  were 
pulled  out  when  the  forms  were  removed. 


^3 '- 


if 


a  b  c 

Fio.  6. — STiaiups. 

Fig.  6  shows  the  kind  of  stirrups  used  for  web  reinforcement 
in  the  overhanging  and  tee  beams.  Stirrups  shown  at  (a) 
were  used  in  the  overhanging  beams  where  the  bending  moment 
was  negative;  those  shown  at  (b)  where  it  was  positive.  In  tee 
beams  the  height  of  the  rods  above  the  bottom  of  the  beam 
could  be  regulated  by  bending  the  wing  of  the  stirrup.  Lon- 
gitudinal spacing  of  the  stirnips  is  shown  in  Figs.  17,  18,  19,  24 
and  25.  Where  expanded  metal  was  used  in  tee  beams,  it  was 
bent  around  the  rods,  forming  a  U.  In  the  overhanging  beams, 
two  separate  vertical  sheets  were  used.  These  were  not  con- 
nected to  the  longitudinal  reinforcement. 
[20] 
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Plate  II.— Ovebh agoing  Beam  Nj  Ready  to  be  Tested. 


[21] 
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The  method  of  mixing  has  already  been  outlined  (see  page 
596).  In  placing  the  concrete,  care  was  taken  to  keep  all  rein- 
forcement in  its  proper  position.  This  was  especially  necessary 
in  putting  concrete  around  the  stirrups  in  tee  beams. 

Testing: — The  machine  used  for  this  purpose  was  an  Olsen 
100,000-pound  beam  machine.  Power  was  furnished  by  an  oil 
pmnp  operated  by  hand.  All  beams  were  supported  on  a  knife 
edge  at  one  end  and  a  tipple  at  the  other.  Loads  were  applied 
through  knife  edges  to  flat  plates  resting  upon  the  beams. 
Rocker  bearings  were  used  to  secure  an  even  distribution  of 
pressure.  In  testing  the  simple  beams,  loads  were  Applied  at 
the  third  points  of  the  span.  Plate  II  shows  how  the  load  was 
applied  to  the  overhanging  beams.  Precautions  were  taken  in 
setting  up  these  beams  to  secure  uniformity  in  loading.  As 
breaks  occurred  at  either  end  of  the  span  and  in  some  cases 
simultaneously  at  both  ends,  it  is  believed  that  this  method  of 
loading  was  sufficiently  exact  for  this  class  of  work. 

Deflections  of  the  center  of  the  span  were  taken  in  all  cases. 
In  the  simple  beams,  the  apparatus  consisted  of  a  taut  thretid 
attached  to  the  pinsover  the  points  of  support  and  a  mirror  and 
scale  placed  at  the  middle  of  the  beam.  The  thread  was  lined 
up  with  its  image  in  the  mirror  and  the  scale  reading  noted  to 
the  nearest  hundredth  of  an  inch.  A  much  more  accurate  de- 
vice was  employed  for  the  overhanging  beams.  Fig.  7  illus- 
trates this  device  mounted  upon  a  simple  benui.  Two  wooden 
bars  R-R,  one  on  each  side  of  the  beam,  are  supported  upon 
pins  Z-Z.  At  the  middle  of  the  Ijeam  is  placed  an  adjustible 
transverse  yoke  consisting  of  two  small  horizontal  wooden  pieces 
and  vertical  bolts  on  either  side.  Two  pulleys  I-I  are  attached 
to  the  lower  part  of  the  yoke  with  their  planes  perpendicular 
to  the  axis  of  the  beam.  A  No.  32  covered  copper  wire  is 
hitched  to  a  pin  in  the  middle  of  one  of  the  bars  and  carried 
vertically  downward  around  the  yoke  pulleys  and  up  again  to  a 
pulley  on  the  opposite  side  l)ar  from  which  it  is  led  to  a  dial  X, 
also  fastened  to  the  bar.  A  weight  W  ser%'es  to  keep  the  wire 
tight.  The  apparatus  can  be  easily  and  quickly  adjusted  bo 
that  the  wires  on  both  sides  of  the'  beam  are  vertical.  Thus  a 
[22] 
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meaoB  is  furnished  to  measure  the  deflectioD  of  both  sides  of 
the  beam  with  one  reading  of  the  dial.  It  is  possible  by  this 
method  to  take  readings  to  one  ten-thousandth  of  an  inch.  For 
these  tests  the  readings  Vere  taken  to  the  nearest  one-thous- 
andth of  an,  inch.  Plate  II  shows  the  general  arrangement  of 
this  apparatus  on  the  overhanging  beams.. 

Extensometer  readings  to  determine  the  fibre  deformations 
were  taken  in  the  tests  made  on  simple  beams.  A  general  view 
of  this  apparatus  is  shown  in  Plate  III.  Covered  copper  wires 
were  attached  to  the  uprights  at  the  left  and  carried  around 
the  dial  drums  on  the  right.  One  of  the  weights  for  keeping 
wires  taut  is  shdwn  just  below  the  lower  diab.  For  any  one 
series  of  tests,  a  uniform  position  was  adopted  for  the  extenso- 
meter. 

Computations: — In  computing  stresses  in  the  steel  and  con- 
crete in  beams  of  Series  A  and  B,  the  stress-deformation  dia- 
gram for  the  concrete  was  assumed  to  be  a  full  parabola  No 
value  was  placed  upon  the  strength  of  the  concrete  in  tension. 
The  formulae  used  were: — 


|kbd>  (1— Jk) 


(1) 


«      Ad{l-|k) 
H  =  mazimiim  bendiag  moment, 
tg  =  unit  Btreoa  in  concrete. 
f,  =  unit  atreae  In  ateel. 
b  =  breadth  of  beam. 

d  =  distance  from  the  top  of  beam  to  center  of  steel, 
kd  =  distance  from  the  top  of  beam  to  the  neutral  axis. 
A  =  area  of  the  steel  in  tension. 

In  the  beams  of  Series  B,  the  stress  in  the  concrete  was  cal- 
culated from  the  following  formula: — 
,       f.  A— r.  A' 

''=         Ikbd  t3, 

f,  =  unit  stress  in  the  compreaaion  reinforcement.    (Obtained  from  de- 
formations.) 
A'  =  area  of  the  compreaaion  reinforcement. 
[24] 
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Pliti  III. — Failtibe  Cracks  is  Beams  P„  V,  and  Ovebhanoino  Beau  A* 

[25] 
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Stresses  in  the  steel  in  the  overhanging  beams  were  computed 
from  the  following  formula: — 


,  =  -  i  E JLd  +  [(I  E  JLd}'  +  J  M^^-^j  i 


(1) 


M  =  bendiog  moment. 

E  =  modulus  of  elasticity  of  steel  =  30,000,000  Iba./in.' 

J  =  deflection  in  the  middle  of  the  apao. 

L  =  constant  depending  upon  the  length  ol  span  and  manner  of  loading. 

d  =  effectire  depth  of  beam  =  distance  Trom  top  to  center  of  eteel. 

This  fonnula  depends  upon  the  assumption  that  rods  in  a 
concrete  beam  obey  the  same  laws  as  a  portion  of  a  steel  beam 
similarly  located  with  respect  to  the  neutral  surface.  It  was 
derived  by  combining  equation  (2)  'with  f,=  (1 — k)  dE  ^  L. 
The  latter  equation  is  a  form  of  the  ordinary-  equation  for  stress 
in  terms  of  the  deflections,  etc.  To  test  the  formula,  stresses 
were  computed  for  a  number  of  beams  made  by  different  in- 
dividuals. In  Table  X  is  given  a  comparison  of  the  stresses 
in  the  steel  obtained  by  moments,  deformations  and  deflections. 
In  figuring  the  stresses  by  moments,  formula  (2)  was  iised.  It 
will  be  seen  that  the  stresses  in  the  steel  as  figured  from  the  de- 
flections formula  (4)  are  very  nearly  the  same  as  those  calcu- 
lated by  the  other  methods.  The  values  of  k  as  obtained  from 
the  above  formula  is  in  general  lai^r  than  that  computed  from 
extensometer  readings. 

To  obtain  the  stresses  in  the  steel  in  tee  beams,  the  assump- 
tion was  made  that  centroid  of  the  compressive  stress  was 

'■  ^atAtU  '=' 

at  the  center  of  the  flange,  and  fonnula  (5)  was  used.    In  this 
expression,  h  is  the  depth  of  the  flange. 

As  the  distribution  of  stress  in  beams  with  web  reinforce- 
ment is  very  uncertain,  it  did  not  seem  advisable  to  attempt  to 
calculate  values  of  the  diagonal  tension.  The  mean  intensity 
of  the  vertical  shear  developed  can  be  readily  obtained  and 
serves  as  a  measure  of  the  resistance  of  a  beam  against  this  in- 
clined web  attess.     The  formula  used  was: — 


[26] 
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'   -bd 

T  =  the  menD  iotensity  of  vertical  sheiu. 
V  =  the  total  maximum  shear, 
b  —  braadth  of  cross-section. 
d  =  effective  depth  ol  cross  section. 
In  the  tee  beaiua,  the  shear  was  assumed  to  be  carried  by  the 
web. 

TABLE  X. 
Strbssbs  in  TinerLK  Bbidforcemknt  Cohpctkd  b; 

Various   MsTHODa. 
Modulus  of  Elasticity  of  Steel  =  30,000.000  lbs  /in.' 


g'd 

_ 

ti-^ 

Stress  i 

n  Steel  in 

lbs  /in.' 

a 

ii 

<3m 

*.2 

^ 
a 

1 

Mom. 

Def. 

Defl. 

Talbot. 

1901 

No.  14 

1.60 

14 

12x12 

.458 

29,900 

30,200 

31.000 

No.    4 

2.00 

11 

12x12 

,469 

29,800 

13,800 

30,800 

No.   5 

1.20 

14 

12x12 

.417 

30,000 

30,600 

30,400 

No.  22 

2.40 

14 

12x12 

.650 

2^,400 

S.3,800 

28,900 

No.   e 

.75 

12 

12x12 

.312 

63.600 

70,000 

64,700 

No,  21 

.59 

12 

12xlS 

.333 

;i6.000 

.32,900 

33,300 

No.  19 

.59 

12 

12x12 

.375 

42,400 

37,400 

40,900 

No.  ^ 

2.19 

12 

12x12 

.614 

42,800 

60,300 

44,300 

No.  27 

2.K 

12 

12x12 

.5:^2 

32,600 

31,900 

.33,100 

No.    7 

.60 

12 

lax  12 

.312 

57.. 300 

58,300 

56,900 

No.    3 

.60 

12 

12x12 

.302 

52,700 

52,600 

53,000 

1«B 

No.    5 

.785 

12 

8x10 

.450 

45,000 

39,600 

44,000 

No.  11 

.785 

12 

8x10 

.490 

46.000 

46,000 

47,000 

No.  48 

.785 

IZ 

8x10 

.440 

37. BOO 

37, £00 

38,800 

UORITZ. 

No.  13 

1.57 

12 

71x9,9 

.575 

40,eoo 

50,400 

43,000 

No.  11 

1.37 

12 

7}t9.0 

.4^0 

40,500 

60,000 

45.700 

No.  15 

1,57 

IS 

7)j[9  9 

,580 

.39,0t'0 

45,000 

40.600 

No.    9 
U.  W. 

1906 

1  37 

12 

71x9.9 

.600 

12,800 

47.400 

44,200 

P, 

2.20 

12 

7  it9 

.670 

35.200 

36,000 

.35,000 

p: 

2.20 

IS 

7  x9 

.680 

31,600 

33.000 

32,400 

K, 

2.20 

12 

7  i9 

.590 

Sit.OOO 

39,000 

39.500 

R> 

2.20 

12 

7  x9 

.600 

39.100. 

39,000 

39.600 

8. 

2.20 

12 

7  x9 

.570 

.12.800 

.33,000 

32,900 

s. 

2.20 

IS 

7  x8 
7  x9 

,560 

35,700 

.33,800 

35,800 

T, 

2,20 

12 

.510 

36.100 

.36,000 

36.800 

T, 

2.20 

12 

7  x9 

.550 

42.500 

42,000 

43,400 
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1.       BEAMS  OF  SiatlES  A. 

In  order  to  make  a  comparison  between  the  compressive 
strength  of  concrete  in  a  beam  and  that  in  a  cube,  four  beams- 
were  made,  reinforced  and  dimensioned  as  shown  in  Fig.  8. 
A  large  percentage  of  reinforcement  was  used  to  insure  against 
tension  failures.    The  beams,  four  cylinders  and  four  cubea 

4 


p-jj- 


-  £•-  0-- 


"^■^^ 


ZT" 


'T  Three  ;^'<S<f{/are  Corrx/^af^if  Barj-^ 
F;o.  i — Beams  of  Skies  A — Rein  force  u  en  t. 
were  made  from  one  batch  of  concrete.  After  two  days  in  the 
molds,  Sj  and  S^  beams,  cylinders  and  cubes  were  immersed  in 
water  for  26  days  while  the  others  were  cured  in  air.  Table  XI 
contains  the  results  of  this  series.  The  loads  given  include  the 
"weight  of  the  beam-  Beams  cured  in  air  weighed  235  pounds, 
while  those  cured  in  water  weighed  260  pounds. 

The  value  of  k  was  calculated  from  extenaometer  measure- 
ments. The  stresses  in  column  S  are  the  averages  for  a  cylinder 
and  a  cube. 

TABLE  XI. 

BiMPLK  Beahb.    Skrieb  a. 

Span  6  ft.    Loada  at  the  \  Points.     SJ  per  ceot  R«in  forcemeat. 


J- 

BtrPBO  ia  8t«el 

is 

M 

{Bl 

f 

i 

1 

s 

(ID  lb3./in.») 

B     "6 

1 

i 

s 

1 

alS 

1 

1 

is 

(S) 

CQIO? 
.2 

3 

Si 

7,fl0ii 

V 

MB 

7.000 

,1580 

27,100 

36,000 

1,740 

i.ass 

l.» 

«. 

7,nnii 

a 

tm 

6,«0 

«10 

23,600 

36,000 

1,44< 

i.Mfi 

H 

H.m'. 

7,000 

1,78C 

1.17 

^~ 

8,760 

u 

667 

7,000 

.645  1  86,600 

48.000 

i.aw 

1.715 

C  =  ComprAwion.    DT  =  Diagonal  TeuaioD. 
[28] 
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Beams  S„  Sj,  and  S,  failed  in  compression,  the  concrete 
crushing  at  the  top  in  the  middle  of  the  span.  Beam  S,  failed 
in  diagonal  tension.  The  crack  opened  up  from  a  tension  crack 
about  6  inches  outside  the  load,  spread  diagonally  to  the  load 
and  along  the  plane  of  the  reinforcement.  The  values  of  r-jj 
are  low  for  such  a  high  reinforcement.  This  fact  is  due  largely 
to  the  low  crushing  strength  of  the  concrete.  In  column  B  is 
given  the  unit  compression  developed  as  calculated  by  formula 
(1).  In  the  last  eolunm  of  the  table  is  given  the  ratio  of  the 
calculated  strength  of  the  concrete  in  the  beam  to  that  in  the 
compression  specimens.  In  all  cases,  the  computed  stress  in  the 
beam  is  greater  than  that  developed  in  the  cubes  and  cylinders. 
This  difCerenee  is  more  marked  in  the  specimens  cured  in  air. 
Also  a  comparison  of  the  stress-deformation  cur\'es  for  the  con- 
crete in  the  beams  and  for  the  cylinders  shows  that  the  concrete 
in  the  beams  withstood  a  greater  deformation.  These  facts 
seem  to  indicate  that  a  higher  compressive  stress  is  developed 
in  a  beam.  The  stress  on  an  elementary  cube  in  a  beam  is  more 
uniformly  distributed  owing  to  the  perfect  end  conditions,  con- 
sequently a  greater  strength  and  larger  deformation  may  rea- 
sonably be  expected.  The  action  of  the  air  has  a  greater  effect 
upon  the  strength  of  a  small  specimen  than  upon  a  larger  ont, 
so  that  the  compression  specimens  would  suffer  more  when 
cured  in  air  than  the  beams.  It  will  be  noted  in  Figs,  9  and  10 
that  the  beams  cured  in  water  were  both  stiffer  and  stronger 
than  those  cured  in  air. 


To  determine  the  effect  of  reinforcement  in  the  compn^sslon 
side  of  a  beam,  eight  simple  beams  were  reinforced  and  dimen- 
sioned as  shown  in  Fig.  11.  The  amount  of  reinforcement  used 
in  the  tension  side  was  made  high,  2.9  per  cent,  to  balance  the 
extra  compression  resistance  afforded  by  the  top  reinforcemi-nt. 
Only  one  beam  was  made  from  a  batch  of  concrete.  The  beams 
weighed  about  1200  pounds  each. 
[29] 
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The  maimer  in  which  these  beams  failed  can  best  be  si'on  by 
a  study  of  Pig.  11.  The  cracks  are  numbered  in  order  of  their 
appearance.  It  will  be  observed  that  tension  cracks  fii-st  ap- 
peared, as  would  be  expected,  in  the  middle  portion  of  the 
span.     In  general,  diagonal  tension  cracks  started  from  tension 


Fio  11. — Beams  of  Series  B — Be  nforcemext  and  Cracks. 
cracks  between  the  load  and  the  support,  spread  toward  the 
load  and  then  out  along  the  plane  of  the  rods.  Cracks  22  and 
23  in  beam  Tj  illustrate  the  way  in  which  these  cracks  de- 
veloped. Plate  III  shows  the  compression  failure  in  beam  P, 
and  the  diagonal  tension  break  in  beam  Yj. 
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TABLE  XII. 

Simple  fisAHs.     Sbribb  B. 
)  StMl  BDd  Concrete.     2,9  per  cent  ReioForcement  in  Tenaioa 
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40,OOC 
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DT 
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28,50( 
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2« 
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.665 
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39.000 

1,670 
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Span  12  rt.    Loads  at  the  i  points. 

C  =  ConipressioD.     DT  =  Diagonal  Tension. 

Computed  data  from  these  tests  are  contained  in  Tables  XII 
and  XIII.  In  these  beams  the  stresses  in  the  lower  steel  aa  com- 
puted by  the  two  methods  cheek  very  closely.  The  stress  in  the  up- 
jwr  steel  in  beams  Rj  and  Bj  must  have  been  beyond  the  elastic 
limit.  The  calculated  strength  of  the  concrete  in  the  beams  is 
considerably  higher  than  that  developed  in  the  compression 
gpecimens.  Even  in  beams  V,  and  V„  which  were  heavily  rein- 
forced in  compression,  a  high  compressive  stress  was  borne  by 
the  concrete.  The  average  ratio  of  the  compressive  stress  in  the 
top  reinforcement  to  that  in  the  concrete  is  about  19  to  1.  The  ■ 
flame  value  is  also  obtained  by  dividing  the  modulus  of  elasticil? 
of  steel  by  the  average  ultimate  secant  modulus  of  cylinders  R,, 
Rj,  etc.  Owing  to  diagonal  tension  failures,  the  increase  in  re- 
sisting moment  supplied  by  the  compression  reinforcement  can- 
not be  accurately  estimated.      Table  XIII  shows  that  the  value  of 


5d^ 


is  increased  roughly  about  25  per  cent  by  the  addition  of 


i  per  cent  or  more  steel  in  the  compression  i 
3— w.  [33] 
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Figs.  12,  13,  14  and  15  show  that  the  stiffness  is  also  materially 
increased.  With  an  eEBcient  web  reinforcement,  beams  T^,  T,, 
Yi  and  Yj  would  probably  have  shown  a  more  decided  increase 
in  Btren^  over  beams  K,  and  B,. 


TABLE  XIII. 

BBAuaSXRiBs  B. 

Values  of  V  atid  j-r^     Breadth?)'.    Effectl*a  Depth  9{'. 
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V, 
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V, 
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" 
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1,770 
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OTEBHANQINQ    BEAMS. 

These  beams  were  made  with  two  objecls  in  view ;  first,  to  ap- 
proach as  nearly  as  possible  the  conditions  of  continuity  over 
SQpports;  second,  to  investigate  the  effects  of  different  kinds  of 
web  reinforcement  upon  the  strengQi  of  beams.    The  airange- 


Fio.  16. — ^Beams  of  Sebibs  C — Heisfobcement. 
ment  of  the  loads  is  shown  for  beams  of  Series  C  in  Fig.  16,  for 
those  of  Series  D  in  Piga.  17,  18  and  19.  In  each  case,  the 
loads  were  ao  spaced  that  the  tangent  to  the  elastic  curve  over 
the  support  was  practically  horizontal.  Two-tenths  of  the  total 
load  was  applied  on  each  of  the  cantilever  portions  of  the  beam 
and  three-tenths  at  each  point  in  the  span. 
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3.      B&AHS  OP  SERIES  C. 

These  beams  were  made  two  at  a.  mixing.  The  sand  and 
cement  used  in  beams  No.  2  and  No.  3  stood  mixed  over  night. 
Altbougli  no  lumps  were  visible  when  the  concrete  was  mixed, 
the  strength  of  both  beams  and  test  cubes  was  greatly  impaired. 
Table  XIV  gives  the  amounts  of  reinforcement  used  in  beams 
of  Series  C.  Fig.  16  shows  the  way  in  which  these  beams 
were  reinforced.  Rods  were  bent  up  in  pairs,  as  many  being 
bent  up  from  the  bottom  as  were  bent  down  from  the  top. 
In  beams  Nos.  4,  5,  6  and  7,  the  middle  upper  rod  was  also  bent 
down.  The  sizes  of  rod  used  and  the  effective  cross-section  of 
beams  is  given  in  the  table.  Number  of  rods  bent  refers  to 
those  turned  up  and  down  between  middle  of  the  span  and  the 
support.  In  testing  beams  Nos.  4,  6  and  7,  the  loads  were  ap- 
plied 21  inches  from  the  knife  edges  instead  of  24  inches,  as  in 
the  other  beams  of  this  series. 

Tables  XV  and  XVI  contain  data  computed  from  these  tests. 
All  loads  include  the  weight  of  the  beam.  Nos.  1  to  7  weighed 
about  420  pounds  each  and  Nos.  8  to  15  about  550  pounds.  The 
value  L  to  be  used  in  formula  (4)  is,  for  beams  as.  4.  6  and  V, 
1 


All  of  these  beams  failed  in  diagonal  tension,  but  the  i 
in  which  this  occurred  was  not  always  the  same.     In  beams  Nos. 

1,  4,  5,  6,  7,  12,  13,  14  and  15,  tension  cracks  first  opened  up 
either  at  the  middle  of  the  span  or  over  the  supports  at  loads 
given  in  Table  XVI..  Next  a  diagonal  crack  would  make  its  ap- 
pearance in  one  of  two  ways.  It  would  many  times  start  from 
a  tension  crack  in  the  top  and  run  diagonally  at  an  angle  of  45° 
to  the  support  while  at  the  same  time  it  would  spread  horizon- 
tally in  the  plane  of  the  rods  toward  the  load.  In  other  cases, 
the  crack  would  appear  to  start  at  the  middle  of  the  beam  and 
spread  diagonally  downward  to  the  support  and  upward  in  the 
direction  of  the  load  and  then  out  along  the  rod.     In  beams  Nos. 

2,  3,  8,  9,  10  and  11,  so  far  as  could  be  detected  by  the  naked 
eye,  the  diagonal  crack  was  the  Srst  to  make  its  appearance. 

[40] 
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TABLE  XIV. 
Reihfobckhint  of  Bbihs.    8  s: 


Per  cent. 

SiMl 

in  Top. 


Area 
SImJ  in 
Bottom. 


&yt6- 

5i'i5' 
5J'i5' 
SJ'JrS' 
6J -iS' 

6J'i 

tl'xT 

5J'x7 

6} -17' 

5ri7' 

BfxT 

5|- 


1.96 
3.27 
3.27 
1.2S 


1.81 
2.01 
2.01 
3.10 


I.IO 

i'.ib" 
i.w' ' 


0.65 

"o.n" 
"o.m' 
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However,  the  high  stress  in  the  steel,  at  the  time  of  this  first 
visible  crack,  indicates  that  tension  cracks  too  fine  to  be  visible 
must  have  previously  formed.  The  growth  of  the  crack  in 
these  beams  was  similar  to  that  already  described,  except  that 
it  was  very  much  more  rapid. 


TABIiE  XV. 

OvBRHAHOtKO  Beams.    Skrieb  C. 

Values  of  v  aod  r-ry- 


i 

II 

Web 
BeiDtorcement. 

i|5 

sg 

d 

-a 

1 

15,000 

None 

71,400 

495 

166 

1,970 

1,280 

9 

27,000 

129.000 

3ii1 

39,800 

276 

88 

750 

to 

26,200 

125,000 

340 

171 

1,010 

11 

24,400 

1 

16,400 

Five  rods  bent  up.. 

68,300 

474 

61,700 

IS 

35,800 

Four  rods  beat  up.. 

168,200 

457 

22S 

Five  roda  bent  up  . 

62,400 

4;« 

lft6 

1,610 

7 

17,000 

70,700 

491 

177 

Four  rods  bent  up.. 

197,800 

NXl 

269 

1,480 

15 

43,200 

206,400 

561 

282 

1,480 

[42] 
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TABLE  XVI. 
Otibhakoikq  Bbams.    Ssrisb  U. 
Stressra  in  steel  at  ceo  tar  of  spao. 


1 

Web 
EteiD  force  men  t. 

# 

111? 

ill 

a^'-^ 

m 

P  "5^ 

12,000 
6.100 
8,100 

11,000 
7,100 

11,000 
6,300 

50,000 

SO,  200 

n,200 

15,000 

20.300 
16,200 
22,200 
12,j00 

1*,000 
7.1*0 
8,100 

16,000 
13,000 
16,000 
16,000 
lfl,200 
23,400 
26.200 
23, £00 

35.300 
.<ffl.200 
40,200 
42,200 

33,200 

16,700 
19,000 

33,200 

30,800 
31, 100 
33,200 
45,600 
55,600 
62,400 
55,100 

81,000 
93,600 
96,000 
100,700 

25,000 
9,300 
10.800 

40,200 
35,900 
25,300 
27,200 
11,600 
16,200 
14,500 
13,000 

42,300 
46,100 
34,000 
36,300 

1,970 
750 

750 

1,785 
1.785 
1,610 
1,6.0 
1,280 
1,280 
1,010 
1,010 

2,020 
2,020 
J, 480 
1,480 

3 

4 

Five  r<id8  bent 
"P 

.060 
.198 

8 
9 

None 

.030 
.083 

11 
12 

n 

Fourr^sbeut 
up 

.132 

.m 

The  time  of  appearance  of  the  first  visible  crack  was  about 
the  same  in  all  beams.  In  beams  without  inclined  rods,  failure 
soon  followed  the  first  crack.  In  beam  No.  8,  the  first  visible 
crack  was  the  one  which  caused  failure.  Those  beams  which 
had  a  web  reinforcement  of  bent  rods  stood  higher  loads  and 
gave  more  indications  of  approaching  collapse. 

The  average  unit  vertical  shear  developed  in  beams  Nos.  1,  8, 
9,  10  and  H  was  158  ibs./in''.,  that  developed  in  Nos.  4,  5,  6, 
7,  12,  13,  14  and  15  averaged  211  lbs./in^  an  increase  of  about 
30  per  cent  due  to  web  reinforcment.  In  the  deeper  beams  this 
increase  is  still  more  marked. 

For  the  9-inch  beams,  without  web  reinforcement,  the  average 
vertical  shear  was  159  lbs/in^.  In  beams  of  the  same  depth 
with  bent  rods,  the  average  was  258  lb8./iD^.,  or  a  gain  of 
over  60  per  cent. 

[43] 
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4.      BB^MS  OP  SERIES  D. 

In  order  to  make  a  further  study  of  overhanging  beams,  28 

were  dimensioned  and  reinforced  as  shown  in  Figs.  17,  18  and 

19.     The  beams  contained  1.97  per  cent  of  steel  in  the  top  and 

^^      ■  5"-*' f -£'-a' <T» s'-S' y  —  ■  £'t**— -T* 

[Yri^rrpn-nf.  ^.:itm:T-rrTT-h 


[VriT!<|iniJ:.xj.3liLi:^rTTTfi 


Fio.  17. — Beams  of  Sesies  D — Reinfobceuent  ako  C&acks. 

half  that  amount  in  the  bottom.  The  reinforcement  was  made 
large  in  order  that  the  full  strength  of  the  concrete  might  be 
developed.  Rods  were  turned  up  or  down  in  pairs  except  as 
noted  in  beams  A,,  Aj,  H,  and  H,.  Those  rods  which  were  bent 
nearest  the  supports  were  continuous  over  the  supports,  the 
[MJ 
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Fio,  18. — Beams  of  Sebies  D — Reis 


n  Cracks. 


Others  were  bent  up  or  down  and  stopped  at  the  top  or  bottom 
of  the  beam.  This  arrangement  would  not  be  possible  in  prac- 
tice as  half  of  the  bottom  roda  would  have  to  be  run  through  to 
provide  against  stresses  which  did  not  occur  in  these  test  pieces. 
The  object  here  was  to  determine  whether  inclined  members  or 
some  other  form  of  reinforcement  provided  the  best  resistance 
against  web  stresses.  The  manner  in  which  stirrups  were  placed 
ie  shown  in  Pig,  6.  Duplicate  beams  were  made,  but  only  one 
was  made  from  the  same  batch  of  concrete.  Beams  A  to  G 
weighed  about  1,250  pounds  each  and  beams  H  to  X  about  1,040 
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FiQ.  19. — Beams  of  Series  D — Rzisfokcemest  and  Cracks. 

pounds  apiece.  Tables  XVII  and  XVIII  contain  the  numerical 
results  of  these  tests.  The  value  of  L  for  this  series  is  1-640. 
Load  deflection  curves  for  these  beams  will  be  found  in  Figs. 
20,  21,  22  and  23. 

[46] 
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TABLE  XVII. 
OvBRBAitaiHG  BxAMB.    Sbrih  D. 
Values  of  v  and  ggj 


Width  o(  Beams  7i'. 

2  per  cent  BeiDforcemeiit 

Max. 

■^ 

Isl 

.S  — — 

a 

Total 
Load 

{iD  ItM.) 

W«b 

Kind  of 
Failure. 

Moment 
Support 

M 
bu". 

>1 

l_ 

{in 

ID.  lbs.) 

5 

155 

A, 

76,000 

iDclioed  Rods. 

DT 

182,000 

655 

loT 

1.990 

A, 

66,600 

141,000 

600 

276 

2,120 

H, 

50,510 

321,000 

680 

253 

2.010 

H, 

53,800 

T 

311,000 

733 

269 

1.265 

B, 

55.000 

J'  Stirrups. 

DT 

348.000 

173 

218 

1.340 

B, 

62,900 

.%8,U0O 

540 

249 

1.140 

I, 

52,8*0 

DT4T 

335.000 

720 

261 

2,185 

1, 

48,800 

DT 

271,000 

583 

211 

2.230 

c, 

B2.500 

ff'  SUrrope. 

396,000 

638 

248  j  2.316 

c. 

62,750 

307,000 

539 

249     2,380 

J. 

43,500 

275,000 

591 

217  1  2,210 

J. 

44,480 

" 

281.000 

605 

222 

2,760 

•D, 

81.000 

iDoUoed  Kods  and 

533.000 

721 

333 

lieao 

o. 

86.000 

y  Stirrups. 

■■■■j-   ■■ 

546,000 

742 

311 

2,000 

K, 

67,260 

DT&T 

363,000 

780 

286 

1,176 

* 

36,400 

DT 

230.000 

195 

1«4 

1,615 

6tf.000 
82,000 

Inclinea  Rode  aod 
f,-  Stirrup. 

419,000 
521.000 

569 
709 

262  '  1,705 

'DT    ■ 

325  ■  1.845 

L<j 

46,86(1 

DT 

397,000 

639 

2.y  ;  1,735 

I'* 

50,600 

T 

321,000 

690 

253  1  1,685 

P 

07,000 

Eipanded  Metal 

DT 

425.000 

577 

266 

2,110 

Pt 

55,600 

No.  131- Mesh. 

DT 

352,000 

478 

221 

2,006 

H, 

49.»ao 

T 

316.000 

680 

249 

1.306 

H, 

47.800 

DT 

299.000 

643 

236 

1,185 

o, 

te.60O 

Expanded  Metal 

416,000 

G66 

S60 

1,506 

G, 

53,200 

No.  12  SI'  Mesh. 

.=137,000 

458 

Sll 

1.650 

N, 

41.510 

263,000 

568 

208 

1.606 

N, 

50.300 

" 

319. COO 

686 

251 

1.880 

*=Brokeii  u  a  aimple  beam. 

T=T6n8ioD. 

DT=Diagoi)«l  TeDBioDi 

tsslVlsted  off  due  to  eccentric  loading. 
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Table  XVII  shows  that  all  beams  which  failed  in  tensioD  had 
values  of  ^^  greater  than  680.  Four  out  of  seven  of  these 
beams  were  reinforced  with  incliDed  rods  and  stirrups.  D,  and 
Dj  were  the  only  11-ineh  beams  which  did  not  fail  in  diagonal 
tension.  The  r-r^  for  these  beams  was  721  and  742  respec- 
tively. The  average  value  of  --^  for  the  11-inch  beams  was 
586  and  for  the  9-ineh  beams  it  was  650. 

TABLE  XVIII. 

OvEBHAnaiHO  Bbaus.     Sbbks  D. 

Stresaea  in  Steel.     2  per  ceat  ReiDforcemeDt. 


^        j       -D 

— " 

T^ 

Web 

%3 

«il;  li  =|i 

ill 

°lt 

1 

Reinforcement. 

3£ 
S 

lis 

Ai 

Inclined  R^a. 

DT 

25,000  50.000  160,000  2C,a00 

1,900 

A, 

42,500i  65,000   208,000   33,100 

2,120 

B, 

y  Stirrups. 

40,000'  62,t)00   168,000  25,200 

1,340 

B. 

,.       ,. 

42,5001  52,500    168,000   27,000 

1,440 

c, 

Tv  ;; 

40,000  60,000   192,000  32,200 

2.316 

c. 

30,000  47.000   150,000  -21,200  2,380 

•D, 

Inclined  Rode  and 

40.000:  76.000   243,000   38,tK)0'  1,620 

». 

J-  Stirrups. 

■    ■-■■.£,■■■    ■ 

47,5U0:  73,500   2:a,000   38,900   2,000 

'i: 

Inclined  Roda  and 

?,■  Stirrups. 
Eipandod  Metal 

30,000   65,000   208,000   32,300,  1,706 

■'dt  ■" 

3-i,000'  70.000  224,000  36,200   1,845 

Pi 

30,400  55,000   176,000  26,800:  8,110 

F. 

No.  13.  3-  Meat. 

40.000    50,000    160,000   25,000   2,005 

Gi 

Expanded  Metal 

40,000   60,000    160,000   25,600   1,506 

0, 

No.  12.  Sr  Mesh. 
Inclined  Rods. 

.35,000   50,000    160,000   25,400    1,150 

H, 

20,000   46,000    144.000   37,500   2,010 

Hs 

T 

10.200  50.000  160,000  41,30o'  1,265 

I, 

r   Stirrupa. 

DT&T 

20,0001  50,000   160,oOO|  41,500'  2,1B6 

I, 

r      " 

DT 

20,200  40.000   1'28,000  31,6001  2,230 

J, 

?.-      " 

20,000  40,000   128,000  32,30ol  2,210 

J. 

,V     " 

15,000   10,noO    12S,000,  33,300'  8,760 

K. 

Inclined  Rods  and 

DT&T 

20,000   55,000    176,000,  47,000,  1,475 

K, 

J'    Stirrups. 

DT 

20,200    3.1,000    112,000 

29,300    1,515 

Li 

Inclined  Roda  and 

20,000 

ib.ooo  114,000 

37.200  1,735 

if, 

,Y  Stirrups. 
Eipnnded  Metal 

T 

20.400 

40,000    128,000 

a3,200  1,685 

T 

20.000 

4r>,000    144,000 

37,900  1,306 

M, 

No.  1.3.  r  Meah. 

DT 

20.000 

45,000    144,000 

.17,300   1,186 

N. 

Biiianded  Mptnl. 

15,000 

35,000    112,0<XI 

2».200:  1,605 

N, 

No.  12.  2i-Meah. 

15,000 

45,000    144,000 

38,300;  1,880 

T  =  Tdo9ioa.        DT  =  Diagoaal  Tenaio 

*  Broken  as  a  simple  beam. 

t  Twisted  off  due  to  eccentric  Inadiag. 
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The  lowest  valae  of  vertical  shear  for  the  ll-inch  beams  was 
developed  in  Gj,  211  lbe./iii*.,  the  highest  in  D„  341  lbB./m". 
The  average  value  of  t  was,  for  thi^  depth,  269  lb9./iu*.  and 
fot-  the  9-inch  depth,  it  was  239  lfae./in'. 

The  beams  of  this  series  failed  either  by  tension  in  the  steel 
or  by  diagonal  tension  in  the  concrete.  The  lafcter  form  of  fail- 
ure may  be  divided  into  two  distinct  classes,  failures  in  which 
the  crack  spread  horizontally  along  the  plane  of  the  reinforce- 
ment, generally  followed  by  slipping  of  the  rods,  and  those  in 
which  no  splitting  along  the  rods  took  place.  Plate  17,  beam 
Bj,  is  an  illustration  of  the  first  type,  while  Plate  V,  beam  Ej, 
shows  the  second  class.  Failures  accompanied  by  stripping 
along  the  rods  came  about  gradually  while  the  other  kind  oe> 
curred  suddenly,  sometimes  followed  by  a  report. 

In  the  following  discussion,  beams  which  were  similarly  re- 
inforced will  be  grouped  together.  Figs.  17,  18  and  19  con- 
tain sketches  of  the  cracks  numbered  in  order  of  their  appear- 
ance. Beams  A„  A^,  and  Hj  failed  suddenly  by  diagonal  ten- 
sion  in  the  second  manner  described.  Plate  III  shows  bow  A, 
failed.  Beam  H,  failed  slowly  in  tension  in  crack  No.  13. 
The  diagonal  tension  failures  in  this  set  occurred  near  the  load. 
It  will  be  noted  that  but  few  visible  cracks  developed  in  beams 
A,  and  A^,  while  in  the  shallower  beams  H,  and  H,  a  large 
number  of  tension  cracks  opened  up. 

Beams  B,.  B;  and  Ii  all  failed  in  diagonal  tension  with  split- 
ting at  the  rods.  In  I^  the  tension  cracks  in  the  middle  of  the 
span  opened  up  ao  that  it  was  impossible  to  tell  whether  failure 
was  first  caused  by  tension  in  the  steel  or  by  that  in  the  web. 
A  study  of  Plate  IV  shows  how  beam  B,  failed.  The  upper 
photogrt^h,  taken  immediately  after  failure,  shows  crack  No.  4 
as  it  then  appeared.  The  lower  photograph  was  taken  after  the 
concrete  had  been  chipped  off  at  the  end  of  the  rods  and  stir- 
mp.  Evidently  the  diagonal  crack  brought  an  increasing 
stress  upon  the  stirrup  which  started  to  slip.  This  caused  the 
concrete  to  split  along  the  reinforcement,  weakening  the  bond 
so  that  the  rods  finally  slipped  and  the  beam  failed.  Beams  B, 
and  I,  failed  in  a  like  manner.  In  beam  I,  no  trace  of  slipping 
at  the  ends  of  the  rods  or  stirrups  could  be  discovered. 
[53] 
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Plate  IV.— Failvhe  Cracks  in  Beams  B,  a>d  B,. 
[54] 
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Beams  C„  G„  J^  and  J3  all  failed  in  the  same  way  as  beam 
Bj.  To  make  sure  of  the  primary  and  secondary  causes  of  fail- 
ure, the  concrete  was  chip{)ed  away  from  the  ends  of  the  rods  in 
beam  C2  ao  thai  any  slipping  could  be  instantly  detected. 
Plate  VIII  shows  what  happened.  Diagonal  cracks  formed  at 
both  ends  of  the  span  at  practically  the  same  time.  The  one  on 
the  left,  however,  progressed  more  rapidly  than  that  on  the 
right,  causing  the  rods  to  slip  as  shown  in  the  photograph.  On 
the  right,  not  the  slightest  trace  of  any  movement  of  the  rod 
could  be  discerned,  although  the  crack,  as  can  be  seen,  had 
started  along  the  plane  of  the  reinforcement.  Pig.  17  gives  a 
sketch  of  the  opposite  side  of  beam  C,  from  that  shown  in  the 
plMrtograph. 

Beams  D,  and  D,  proved  too  strong  for  the  loading  ap- 
paratus. Beam  Dj  was  loaded  up  to  86,000  pounds,  and  then 
the  load  was  released  to  repair  the  I  beams  of  the  loading  ap- 
paratus which  had  been  badly  twisted.  The  load  was  again 
applied,  and  the  beam  failed  at  84,000  pounds.  Failure  was 
primarily  t«nsion.  Plate  V  shows  view  of  the  failure  in  crack 
No,  4.  Beam  D,  was  loaded  twice  up  to  a  load  of  82,000  pounds 
without  any  sign  of  failure  other  than  the  tension  craclcs  shown 
in  Fig.  17.  It  was  then  tested  as  a  simple  beam  with  an  eight 
foot  span  loaded  at  the  ^  points,  and  broke  in  tension  under  a 
total  load  of  18,740  pounds.  Beam  K,  stood  the  highest  load  of 
any  of  the  9-inch  beams,  finally  failing  as  shown  in  Plate  V.  It 
will  be  noted  that  the  failure  crack  came  between  two  stirrups. 
On  the  other  hand,  beam  K,  failed  at  a  lower  load  than  any 
of  the  9-inch  beams.  The  break  was  sudden  in  both  cases  and 
occurred  at  the  same  place.  The  concrete  around  the  crack 
in  beam  Kj  did  not  appear  as  sound  as  in  beam  K,.  No  other 
reason  for  the  difference  in  strength  between  these  two  beams 
was  discovered. 

Beam  Ej  had  so  uneven  a  top  that  wedges  were  placed  under 
the  bearing  points  to  level  up  the  loading  apparatus.  This 
evidently  produced  an  eccentric  loading  and  caused  the  beam 
to  twist  off  very  suddenly  at  a  much  lower  load  than  its  mate, 
beam  E,.  Plate  VI  shows  how  the  crack  extended  diagonally 
across  the  top  of  the  beam.  Beam  £2  was  loaded  up  to  82000 
155] 
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Plate  V. — Faii.ube  Cracks  ix  Beams  D, 
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Plate  VI. — Faii.vbe  Cracks  in  Beams  Ei,  E.,  and  L.. 
[57] 
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pounds  and  then  released.  The  load  'was  again  applied  up  to 
76000  pounds  when  failure  took  place.  The  break  took  place 
suddenly  in  crack  No.  13,  shown  in  Plate  VI.  The  photograph 
was  taken  on  the  opposite  side  from  that  shown  in  the  sketch  in 
Pig.  18,  Beam  L,  failed  in  a  similar  manner  to  beams  K,  and 
Kj.  Beam  L,  failed  slowly  in  tension,  finally  forcing  a  com- 
pression failure  on  the  under  side. 

Beams  F„  F,  and  iL  all  failed  in  diagonal  tension,  accom- 
panied by  splitting  at  the  rods.  Beam  Mj  failed  in  tension  in 
crack  No.  12,  followed  by  compression  at  the  support.  Plate 
VII  shows  how  the  expanded  metal  pulled  apart  in  beams  Fj 
and  M:,. 

Beams  G,.  G„  N,  and  N,  all  failed  in  a  similar  manner  to 
beams  F,  and  M';.  These  beams  were  reinforced  with  a  2i-inch 
mesh  expanded  metal  which  seemed  to  pull  apart  more  easily 
than  the  |-inch  mesh  used  in  the  previous  set. 

A  study  of  the  erack  sketches,  Figs.  17,  18  and  19,  shows  that 
diagonal  cracks  developed  closer  to  the  supports  in  all  beams 
which  had  no  inclined  rods  than  in  those  which  contained  them. 
In  other  words,  beams  with  inclined  rods  developed  diagonal 
cracks  in  the  simple  beam  portion  of  the  span.  Practically  all 
these  beams  which  failed  in  diagonal  tension  failed  in  the  second 
manner  previously  mentioned. 

Those  beams  which  depended  upon  inclined  rods  for  resist- 
ance to  web  stresses  showed  greater  strength  than  those  which 
had  stirrups  or  expanded  metal.  Inclined  stirrups  or  vertical 
stirrups  spaced  more  closely  together  would  doubtless  have 
given  similar  results. 

There  is  no  marked  difference  in  strength  in  the  beams  rein- 
forced with  stirrups  only.  Judging  from  the  way  the  cracks 
appeared  in  the  9-inch  beams,  a  close  spacing  of  4  or  5  inches 
would  have  prevented  many  of  the  diagonal  tension  failures. 
The  increased  amount  of  metal  in  the  i-ineh  stirrups  did  not 
seem  to  affect  the  resistance  to  web  stress  of  the  beams  which 
contained  them.  In  placing  stirrups  the  problem  seems  to  be 
to  distribute  the  metal  in  small  members  rather  than  to  concen- 
trate it  in  large  ones. 
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Plate  VII.— Failube  Cea(  ks  is  Beams  F„  M,  and  M^ 
[59) 
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The  chief  difficulty  experienced  witli  expanded  metal  was  its 
tendency  to  break  off  at  the  comers  of  the  diamonds  when  under 
stress.  This  form  of  reinforcement  is  easily  put  in  place.  A 
stronger  meshing  would  doubtless  prove  a  very  satisfactory  weh 
reinforcement.  It  is  the  opinion  of  Ihose  engaged  in  these  testa 
that  the  tensile  strength  of  concrete  ia  a  more  important  factor 
in  deep  beams  than  the  compressive  strength.  The  necessity  for 
the  exercise  of  great  care  in  order  to  secure  good  concrete  is 
decidedly  essential  if  uniform  results  are  to  be  obtained. 

The  resistance  of  a  web  reinforcement  to  diagonal  stresses 
depends  largely  upon  its  being  disperaed  throughout  the  beam 
and  not  concentrated  in  large  rods  spaced  at  relatively  wide  in- 
tervals. Inclined  members  are  in  a  better  position  to  resist 
tensile  web  stresses  than  those  which  are  vertical.  In  these  tests 
stirrups  and  bent  rods  in  combination  made  the  strongest  web 
reinforcement. 


5.      TEE  BEAMS. 

Sixteen  tee  beams  were  made  as  shown  in  Figs.  24  and  25. 
Stones  larger  than  ^-inch  were  screened  out  of  the  aggregate 
so  that  the  concrete  might  be  easily  placed  around  the  reinforce- 
ment. In  tee  beams  D,,  Dj,  F,,  Fj,  H^  and  H,,  the  rods  were 
placed  in  two  layers  and  bent  up  in  pairs.  In  the  other  beams 
rods  were  turned  up  at  each  of  the  points  sho'wn  in  the  figures. 
It  will  be  noted  that  the  span  for  tee  beams  A,,  A,,  B^  and  B, 
was  6  feet  while  for  all  others  it  was  reduced  to  5  feet.  Plate 
VIII  gives  a  picture  of  apparatus.  The  extensometer  readings 
taken  were  untrustworthy  owing  to  lack  of  rigidity  of  the 
apparatus  and  are  not  given.  Fig.  26  gives  the  moment-de- 
flection curve  for  tee  beams  C,  to  H^. 

Tee  beams  A,,  Aj,  B,  and  Bj  failed  by  slipping  of  the  rods. 
In  order  to  observe  carefully  the  manner  of  failure  the  con- 
crete was  chipped  away  at  the  ends  of  rods  so  that  the  time  at 
which  slipping  took  place  could  be  noted.  In  general,  tension 
cracks  first  formed  about  half  way  between  the  load  and  sup- 
port. These  were  due  to  the  decreased  tensile  resistance  caused 
[60] 
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by  bending  up  the  rods.  Soon  the  lower  rod,  followed  by  the 
upper,  would  begin  to  slip,  one  of  these  cracks  would  widen  and 
cause  failure.  Plate  VII  shows  the  failure  crack  in  A,.  To 
avoid  this  sort  of  failure  the  span  for  the  remaining  tee  beams 
was  made  5  feet. 
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Plate  VIII. — Failure  Cracks  is  Beam  C,  and  Tee  Beams  A,  and  D^ 
[641 
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Tee  beams  Ci  and  C^  failed  in  tension  primarily.  Tee  beam 
Di  developed  a  compressive  crack  which  extended  diagonally 
across  the  top  of  the  flange  between  the  loads.  At  the  same  time 
crack  5  split  open  at  the  web.  Tee  beam  D,  failed  as  shown  in 
Plate  VIII  by  crashing  of  the  coQcrete  In  the  flange.  Attention 
is  called  to  the  manner  in  which  tee  beams  E^,  F,  and  F,  failed 
near  the  support.  Tee  beams  0,  and  O3  failed  through  tension 
cracks  which  opened  at  the  end  of  the  expanded  metal  and 
spread  directly  upward  to  the  load.  Tee  beam  H,  failed  by 
compression  in  the  flange  and  by  diagonal  tension  and  hori- 
zontal shear  in  crack  No.  S.  It  will  be  noted  that  the  diagonal 
tension  cracks  in  many  instances  were  first  seen  in  the  middle 
of  the  web  without  any  connecting  tensile  erack  rmming  to  the 
bottom  of  the  beam.  Tee  beams  Ej  and  F^  famish  illustrations 
of  this  kind  of  crack. 

Table  XIX  gives  values  for  v  and  the  stress  in  the  steel.  It 
must  be  borne  in  mind  that  the  shear  was  assumed  to  be  carried 
by  the  web  in  computing  t.  The  calculated  stresses  in  the 
steel  are  based  upon  the  assumption  that  the  centroid  of  com- 
pression was  at  the  center  of  the  flange.  For  tee  beams  C,  ,Ci, 
E„  E,,  G,  and  Q^  the  average  intensity  of  vertical  shear  is 
218  Ih8./in'.  and  for  those  with  double  the  amount  of  rein- 
forcement it  is  344  Ibs./in*. 

Tee  beams  E„  Ej,  Fj  and  F,  which  had  12-ineh  flanges  did 
not  show  any  greater  strength  than  those  with  9-inch  flange. 

A  further  investigation  of  web  reinforcement  has  been  carried 
on  in  a  later  series  of  tests  made  at  this  institution,  the  results 
of  which  are  now  being  prepared  for  publication. 
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TESTS  ON  PLAIN  AND  REINFORCED  CONCRETE 


I.  INTRODUCTION 

In  this  bulIetJD  are  reported  some  of  the  tests  on  plain-  and 
reinforced  concrete  carried  on  in  the  laboratory  for  testing 
matenals  at  the  University  of  Wisconsin  during  the  spring  and 
summer  of  1907.  The  investigations  in  plain  ccmcrete  consisted 
of  compression,  tension  and  transverse  tests  made  in  conjunc- 
tion "with  the  other  tests.  The  main  work  consisted  of  tests  on 
rectangular  beams  reinforced  in  compression,  tee-beams  with 
both  rigid  and  loose  web  reinforcement  and  tests  on  deep  rect- 
angular beams  to  determine  the  deformations  of  the  stirrups. 
The  tee-beams  of  Series  N  were  made  and  tested  as  a  the^  by 
G.  C.  Newton  and  W.  L.  Rowe  of  the  Class  of  1907.  They  are 
deserving  of  credit  for  the  care  with  which  they  performed  the 
tests  and  the  concise  summary  which  they  reported  in  thesis 
form.  The  remainder  of  the  tests  were  made  during  the  summer 
by  paid  assistants. 

The  summer  work  on  tee-beams  was  laid  out  with  special  re- 
ference to  the  investigation  of  stresses  in  the  web  of  a  reinforced 
concrete  beam.  Tension  specimens  Were  made  with  the  beams 
so  that  a  cheek  upon  the  strength  of  the  concrete  in  the  web 
might  be  had.  In  the  discussion  of  web  reinforcement  no  at- 
tempt has  been  made  to  develop  any  formulae  for  design  as 
these  experiments  do  not  cover  a  wide  enoagh  range  to  deter- 
mine empirical  constants  for  such  formulae.  It  is  hoped  that 
fmrther  experiments  may  be  made  here  in  measuring  deforma- 
tions along  stirrups  and  upon  the  amount  of  shearing  reinforce- 
ment necessary;  also  further  tests  to  show  the  relative  values 
of  loose  and  rigid  web  reinforcements,  using  high  percentages 
of  longitudinal  reinforcement,  would  be  interesting. 
|51 
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The  beams  with  compression  reinforcement  give  considerable 
ioformatioD  ccmceming  methods  for  strengthening  a  beam  with- 
out increasing  the  size.  This  is  frequently  necess^ir  in  bnilding 
construction,  both  to  permit  uniformity  in  constructing  the 
forms  and  also  to  conform  to  architectural  features  of  the  de- 
sign. The  shifting  of  the  neutral  axis  in  the  beam  auhJMted 
to  a  reversal  of  loading  is  of  interest  on  account  of  its  dose 
application  to  the  rib  of  a  reinforced  arch. 

The  crack  sketches  and  drawings  are  made  from  measure- 
ments taken  on  the  beams  immediately  after  testing.  The  let- 
ter F  indicates  the  failure  crack  in  all  cases  where  it  occurs. 

Due  acknowledgment  is  made  to  Dean  F.  E.  Tumeaure  for 
many  suggestions  received  in  this  work.  E.  P.  Abbott,  of  the 
class  of  19(^,  deserves  mention  for  efficient  assistance  in  pw- 
forming  the  tests  and  for  the  drawing  of  this  bulletin'. 


II.    DESCRIPTION  OF  MATEBIADS 

Steel: — All  smooth  rods  used  for  reinforcement  were  pur- 
chased in  the  local  market.  The  St.  Louis  Expanded  Wstal. 
Company  donated  the  corrugated  bars,  and  the  Tniaaed  Con- 
crete Steel  Company  of  Detroit  the  Kabn  bars.  The  wire  mesh- 
ing was  obtained  from  the  Clinton  Wire  Cloth  Company.  Table 
I  gives  data  for  tension  tests  of  steel.  At  least  two  specimens 
of  the  same  size  were  tested  in  all  cases,  and  columns  5  and  6 
are  the  averages  for  two  specimens  except  in  the  case  of  the  ^- 
inch  corrugated  and  the  wire  meshing  where  the  individual  re- 
sults are  given.  It  will  be  noted  that  the  54-inch  corrugated 
bars  varied  considerably  in  elastic  limit  and  ultimate  strength. 
This  may  have  beeo  the  cause  for  the  variation  in  strength  of 
the  tee-beams  with  the  24-inch  flanges. 

Stone: — Crushed  limestone  from  Kankakee,  Illinois,  was  used 
in  making  all  specimens.  Table  II  gives  a  mechanical  analysis 
of  a  cubic  foot  of  the  material. 

Sand: — The  sand  used  was  furnished  by  a  local  dealer.  It 
was  the  best  obtainable  in  this  vicinity  but  too  flne  to  make 
a  strong  concrete.  An  analysis  of  the  sand  is  found  in  Table 
III. 

[6] 
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TABLE  I. 
TMmoH  TmtB  of  Stikl. 


Load 
«t  Yield 
PoiDt 


at  Yield 
PoiDt. 

IbB./in.' 


-engUi. 


Corrngated  Ban. 


*■ 

.seo 

29.160 

5l,B60 

50.000 

87.800 

.554 

as. 380 

46.170 

46.600 

85,600 

.561 

25,300 

W.000 

46.000 

78,000 

.SM 

S6,700 

16,860 

le.soo 

.560 

35,700 

60,000 

16,700 

81,000 

53,400 

Average 

18,000 

86,300 

1' 

41,300 

61,600 

r 

16.000 

68.800 

Plain  BouDd  Bare. 


*• 

41,000 

61,100 

I- 

43,900 

61,900 

46,100 

68,800 

46,C00 

64,100 

I- 

47,400 

62,000 

.120 
.121 

.0113 
.0117 

860 
960 

850 
960 

75,100 
81,200 

75,100 
81.200 

Average 

78,100 

78,100 

P] 
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TABLE  II. 
Ahaltbib  of  Kankakkk  hiungrosK. 


BMm  . 

DiaiDotBi- 

Amount 
retained. 

Per  cent 

Per  cent 
voids. 

Weifflit  in 

ins. 

pounds. 

cubic  foot. 

SeriM 

N 

4B.5 

83.0 

N1-N6 

N7-NI9 

44.5 

91.5 

1.5 

0 

100 

1.2?. 

6.46 

91.5 

1.00 

13.5 

83.2 

.76 

62.5 

.60 

46.2 

24.7 

E,  F. 

.33 

9.5 

16.7 

.82 

8.0 

'   10.0  ■ 

5.4 

5.6 

.73 

4.7 

1.6 

Dust. 

1.8 

43.0 

94.0 

TABLE  III. 

Akalybib  op  Sand. 

Per  cent  Vaids=3T.     Wt.  per  cu.  ft=-105  Ibe. 

!....!  v„  Diameter  of  Mesh  ;  ■         P 


94.0 
87. « 
81.6 

78.8 
68.9 


[8] 
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Cement: — Alpena,  Lehigh  and  Universal  cements  were  used 
in  these  tests.  Table  IV  contains  the  record  of  the  tensile 
strengths  of  neat  and  1 :3  mortar  briquettes  tested  at  7  and  28 
days,  and  also  indicates  in  which  beams  each  brand  was  used. 
These  cements  were  all  purchaised  in  the  open  market. 

TABLE  IV. 
Tensile  Strengths  of  Cements. 


Ultimate  Strength  in  lbe/in.^ 

Brand. 

Briquette 

Age  7  dsja. 

Age  28  days. 

Beams  and 

Neat. 

1:3 
Mortar. 

Neat. 

1:3 
Mortar. 

580 
651 

667 
710 

726 

619 
Oil 

192 
147 
160 
183 

225 
181 
218 
183 

712 
691 
723 
670 
655 
505 
716 

275 

'm 

313 
256 
264 
298 
!&9 
251 

276 

Alpena 

Seriee 

N 
N1-N16 

Av. 

655 

530 
560 
596 

186 

682 

~590~ 

600 
760 
660 

652 

183 

lao 

172 
160 

298 
294 
256 
261 

278 

Ubigh 

Series 
FandG 
except  Tee 
Beam  CI. 

Av. 

656 

176 

670 
723 
706 

162 
175 
158 
172 

805 
780 
800 
776 

370 
330 
360 
360 

~352~ 

Universal 

Series  N 
N  15-N  19 
Series  B 
and  Tee 
Beam  CI. 

Av. 

«80 

167 

700 

Concrete: — The  mixture  used  in  all  teats  was  one  part  cement, 
flffo  parts  sand  and  four  parts  atone.  Materials  were  propor- 
tioned by  vt^ume.  Measurements  of  quantities  required  for  & 
batch  were  made  by  weighing  the  number  of  cubic  feet  of  each 
mateinal  on  a  platform  scale.  One  hundred  pounds  of  cement 
[91 
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was  coDfiidered  s  cabic  foot.  Weights  of  otiier  materials  are 
given  in  the  taUes.  With  the  ezceptioo  of  the  ctmcrete  for 
beams  N  1  to  N  6,  which  was  mixed  by  hand,  all  cwcrete  was 
miied  in  a  No.  0  Smith  miier  (donated  to  the  Univerai^  by  T. 
L.  Smith  &  Company  and  the  Contractors  Supply  and  Equip- 
ment Company). 

The  same  si^eme  of  hand  mixing  was  employed  as  is  re- 
corded in  the  bulletin  of  the  series  of  1906.  In  mixing  by  ma- 
chine, four  and  (me-half  cubic  feet  of  concrete  vas  made  in  one 
batch.  Sand  was  first  thrown  in  and  then  the  cement.  After 
mixing  about  two  minutes,  the  wetted  atone  and  water  were 
added.  The  whole  batch  was  then  allowed  to  turn  for  four  or 
five  minutes,  the  mixer  making  about  20  R.  P.  M.  Concrete 
mixed  by  the  machine  was  uniform  in  character  and  showed  a 
higher  average  strength  than  the  hand  mixed.  About  9  per 
cent,  of  water  by  weight  was  used  to  procure  a  wet  concrete 
which  could  be  easily  worted  around  the  reinforcement.  A 
somewhat  drier  mix  was  used  in  making  the  tops  of  the  beams. 

III.    AUXILIABT  TESTS 

In  Table  Y  are  given  the  results  of  the  compression,  tension 
and  transverse  teste  made  in  connection  with  beams  of  Series 
E,  F  and  G^-  The  specimens  were  from  the  same  hatch  of  con- 
crete as  the  beams  which  are  on  the  same  line  in  the  table.  In 
many  instances  one  batch  of  concrete  went  into  two  beams.  In 
such  cases,  tmly  one  auxiliary  specimen  was  made.  For  ex- 
ample,  compression  specimen  No.  6  was  made  from  a  batch  part 
of  which  went  into  the  top  of  beam  C  2  and  the  rest  into  the  top 
of  beam  D  1. 

Compression  specimens  were  made  from  the  same  concrete 
that  composed  the  tops  of  the  corresponding  beams.  These 
specimens  were  cylinders  24  inches  high  and  10  inches  in  diam- 
eter. Cylinder  E  2  was  IS  inches  high  and  6  inches  in  diam- 
eter. The  lai^e  cylinders  were  made  in  wrought  iron  pipe 
molds.  The  pipe  was  split  longitudinally  in  halves  and  two 
email  lugs  were  placed  on  the  outeide  about  ^  of  an  inch  from 
each  e<^  so  that  when  the  halves  were  set  up  in  form  of  a 
mold,  the  lugs  cm  one  half  would  be  opposite  to  those  on  the 
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other.  Four-inch  clamps  were  placed  upon  the  lugs  to  hold  the 
two  parts  together.  This  made  an  aocurate  mold  which  could 
be  set  up  very  quickly. 

TABLE  V. 

AnXtLUKT   TiSTS. 

1:3:1  Concrete.    Age  of  Bpecimena  28  daj>B, 


Co„™™. 

Tbbsiok. 

TRARSTaRBK. 

Beam. 

GQ 

111 

i 

III 

! 

•3  . 

ii 

Al 

1 

3 
3 
4 

6 
6 
6 

3,160 
1,6*0 
1,970 
1,890 
1,960 
1,6S0 
1,6S0 

3,600,000 

1 

2 
3 
1 
5 
6 
7 

256 
167 
360 
157 
197 
216 
182 

1 

320 

2 
3 

7 

B3 

3,600,000 

218 
360) 

339 

DS 

El 

i 

7 
8 
9 

1,930 
1,730 
1,770 
2.290 

3,600,000 

8 
9 
10 
11 
12 
13 
14 
14 
10 
10 

4 
16 
16 

148 
184 
113 
174 
181 
161 
208 
208 
142 
142 
167 
167 
SOI 
201 

a 

R 
10 
11 

374 

Fl 

2,800,000 
3,900,000 

288 
276 

02 

10 
11 
11 
12 
12 
13 
U 
li 
16 
16 
16 

2,290 
1,900 
1,900 
1,900 
1,900 
l,9f» 
2,110 

i,eso 

1,660 
1,910 
1,910 

HI 
HS 

3,500,000 

12 
12 
10 
10 
3 
3 
13 
13 
14 
{     14 

333 
333 

1  1 

I  8 
Jl 

■■3,866;oob 

288 
348 

Kl 

KS 

3,700,000 

3S0 

3,600,000 

L2 

372 

]6 
17 
18 
19 
20 
20 

172 
180 
208 
217 
150 
150 

W1 

17 
17 
18 
19 

2,600 
2,600 

i,m 

1,530. 

15 
16 
17 
18 

XI 

367 

X9 

3,100,000 

350 

ATaraoes 

1,940 

.S,  600,000 

189 

352 

(U) 
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The  small  cylioders  were  made  in  east  iron  molds  referred  to 
in  the  bulletin  of  the  series  of  1906.  The  mold  was  set  up  on 
a  horizontal  iron  plate  and  the  concrete  deposited  in  layers 
which  were  stirred  with  a  rod.  An  excess  of  material  was 
placed  on  top  to  allow  for  settling.  After  settling  had  ceased, 
the  head  of  the  cylinder  was  carefully  smoothed  off  with  a 
trowel. 


Pl^Ti:  I.— COMPSESSOMBIEB  Apfabatcb. 

In  testing,  two  thicknesses  of  blotting  paper  were  placed  on 
the  tops  and  underneath  all  compression  specimens.  The  com- 
pressometer  used  is  shown  in  Plate  I  and  is  described  in  the 
bulletin  of  the  aeries  of  1906. 

The  average  compressive  strength  of  the  concrete  in  these 
tests  was  1940  pounds  per  square  inch.  It  will  be  noted  that 
the  modulus  of  elasticity  is  computed  at  one-third  the  ultimate 
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strength  instead  of  at  a  atreas  of  600  pounds  per  square  inch, 
as  was  done  in  the  bulletin  of  the  series  of  1906.  This'  was  done 
since  the  point  on  the  stress  deformation  curve  at  which  the 
modulus  of  elasticity  is  computed  should  be  selected  with  refer- 
ence to  the  ultimate  strengiih  of  the  concrete  in  each  individual 


:WfJ^ 


Fio.  1. — TsKBion  SPTCiHisns — Tkmfeatis  ahd  Afpasatcs  tob  Tistiiis. 

specimen.  In  this  way  a  more  reliable  determination  of  an 
average  working  value  for  the  modulus  can  be  obtained  than  by 
selecting  a  fixed  point  for  all  specimens  regardless  of  their 
strengths.  The  average  value  of  the  modulus  of  elasticity  for 
this  series  of  tests  is  3,500,000  pounds  per  square  inch. 
[13] 
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Tension  specimens  were  made  in  the  6-tticli  cast  iron  molds 
from  the  concrete  used  In  making  the  lower  portions  of  the 
be&ms.  Three  §-inch  bolts  were  placed  in  each  end  of  the 
specimens  as  shown  in  Figure  1,  While  the  concrete  was  set- 
ting, these  were  held  in  place  by  wooden  templates  shown  in  the 
figure.  These  templates  were  removed  with  the  molds  and  used 
again.  The  left  portion  of  the  figure  shows  one  of  the  spec- 
imens with  the  apparatus  on  it  ready  to  be  tested.  An  axial 
pull  was  secured  through  the  tvo  crossed  knife  edges  shown 
just  above  and  below  the  specimen  in  the  machine. 

A  good  many  of  these  specimens  broke  in  the  plane  of  the 
bolt  heads.  In  such  cases,  the  net  area  was  taken  to  find  the 
ultimate  strength.  This  could  be  obviated  by  making  the  spec- 
imens' smaller  in  cross  section  in  the  middle.  The  ultimate  ten* 
sile  strength  averaged  189  pounds  per  square  inch  or  about  one- 
tenth  the  ultimate  compressive  strength. 

Plain  concrete  beams  3  feet  3  inches  long  and  6  inches  by  6 
inches  cross-section  were  also  made  from  the  same  batch  of 
concrete  as  the  tensile  specimens.  These  were  loaded  at  the 
middle  over  a  3-foot  span.  The  modulus  of  rupture  was  com- 
puted from  S  =  IJ. . 

M  =  bending  moment  at  the  break  j 
b  =  breadth  of  cross-section ; 
d  =^  depth  of  cross-section ; 
S  =  modulus  of  rupture. 

The  average  value  of  this  quantity  was  352  pounds  per  square 
inch  or  about  1.9  times  the  tensile  strength. 

All  auxiliary  specimens  were  cured  in  air.  After  48  hours 
the  molds  were  removed  and  the  specimens  were  thoroughly 
sprinkled  twice  a  day  for  about  a  week.  They  were  then  sprink- 
led every  two  or  three  days  until  tested. 

lY.  BEAMS 
Method  of  Making: — The  rectangular  beams  were  made  in 
the  same  kind  of  molds  as  shown  in  the  bulletin  of  the  series 
of  1906.  The  tee-beams  were  made  in  forms  shown  in  Figure  2. 
They  'were  made  of  2-inch  plank  and  braced  every  4  feet  by 
pieces  of  2-inch  plank  b.  These  were  cut  to  fit  closely  against 
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the  miderside  of  the  wing  of  the  tee  and  held  it  secniely  in 
place.  The  wings  of  the  tee  w-w  and  the  braces  h-b  were  made 
in  different  breadths  to  permit  increasing  the  width  of  flange 
of  the  beams.  At  the  center  and  over  the  supports  wires 
were  stuck  through  the  holes  n  and  allowed  to  remain  in  the 
beams.     These  served  to  hold  the  deflection  apparatus. 

Elemtion  Cno  View 


^              r  fnanky 

^ 

-I 

1.   J 

1 
1 

\  •" 

.■  I. 

nha^* 

uT 

a 

Fio.  2. — Tee-beau  Moisa. 


In  the  beams  of  Series  N,  the  loose  stirrup  reinforcement  waa 
held  in  position  by  i-ineh  rods  placed  in  the  tops  of  the  beams  to 
which  the  stirrups  were  securely  wired.  Figure  3,  Nos.  1,  2 
and  3  show  how  the  stirrups  were  made  in  beams  of  Series  B, 


Dial  Socket 
Fio.  3. — SrmBiiFs  i 


U 


)  Dial  Socket. 


F  and  G.  respectively.     Rods  in   the  tops  of  the  beams  were 

held  in   position  by  small  wires  nin  transversely  through  the 

forms.     The  upper   rods   in  turn   supported  the  stirrups   and 
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lower  reinforcement  In  the  tee-beams  of  Series  P  the  lower 
rods  were  supported  by  the  stirrups.  The  distance  of  the  rods 
from  the  bottom  could  easily  be  adjusted  by  bending  the 
wing  of  the  stirrup. 

In  beams  of  Series  G,  in  order  to  measure  the  deformation 
over  the  length  of  a  stirrup,  it  was  necessary  to  devise  some 
means  of  fastening  a  dial  rigidly  to  the  stirrup.  This  was 
accomplished  by  means  of  the  dial  socket  shown  in  Figure  3. 
These  sockets  were  securely  clamped  upon  the  stirrups  and  the 
dial  end  of  the  hole  filled  with  oiled  waste  to  keep  out  the 
concrete,  water  and  dirt.  The  sides  of  the  stirrups  were  sprung 
apart  in  the  forms  by  a  piece  of  wood  placed  near  the  top  ao 
that  the  dial  holes  were  brought  flush  with  the  face  of  the 
beam.  When  the  concrete  had  beeai  pat  in  the  wooden  brace 
was  removed.  No  trouble  was  experienced  in  removing  the 
waste  or  in  putting  on  the  dials  for  a  test. 

The  concrete  was  placed  in  layers  about  four  inches  deep 
and  spread  around  by  bricklayers'  trowels.  The  sides  of  the 
beams  were  surfaced  by  running  a  trowel  around  the  edge  of  the 
mold  and  bringing  the  mortar  to  the  surface.  The  top  waa 
floated  with  a  mason's  trowel 

Beams  were  cured  in  the  same  way  as  the  auxiliary  speci- 
mens. 

Testing: — The  beams  of  Series  N  were  tested  on  an  Olsen 
100,000-pound  hydraulic  beam  machine.  The  rest  of  the  beams 
were  tested  on  a  new  hydraulic  universal  machine  which  has  a 
capacity  of  200,000  pounds  for  transverse  tests  over  a  20-foot 
span.  The  loads  were  applied  through  knife-edged  bearings 
upon  steel  plates  set  in  plaster  of  Paris.  In  beams  of  Series  N 
the  supports  were  a  knife-edge  resting  against  a  steel  plate  8  x 
3  s  ^  inches  at  one  end  and  a  knife-edge  and  tipple  at  the 
other.  In  the  rest  of  the  beams,  pocker  beatings  were  employed 
at  the  supports.  These  rested  upon  8  x  4  x  f-ineh  steel  plates 
set  in  plaster  of  Paris.  All  beams  were  loaded  at  the  third 
points  of  the  span  by  menns  of  an  I-beam.  In  the  beams  of 
Series. N  the  loads  were  applied  through  a  half  roller  and  a 
pointed  bearing  block  resting  -upon  10  x  2  x  §-inch  steel 
plates.  These  plates  were  too  thin  and  cracks  formed  imme- 
diately below  the  loading  points  due  to  the  concentration  of 
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pressure.  In  the  later  beams  of  this  series,  the  loads  wen 
distributed  over  two  bearing  plates  at  each  point. 

In  the  beams  of  Series  E,  F  and  Q,  bearing  plates  2H 
inches  wide  and  ^  of  an  ineh  thick  running  across  the  full 
width  of  the  beam  were  used  to  distribute  the  load  from  the 
I-beama.  In  the  24-inch  flange  tee-beams  a  3>i-inch  steel 
roller  was  used  above  the  bearing  plate  at  each  loading  point. 

In  all  beams  deflections  were  taken  at  the  middle  of  the  span 
by  means  of  the  thread-seale-mirror  device  used  in  the  teste  of 
series  of  1906. 


Fio.  4 — Beau  ESetbrsombtes  Appabatxis, 

Eztensometer  readings  were  also  taken  on  the  beams  of  Ser- 
ies E  and  F  and  beams  N  6  to  N  19  inclusive  by  means  of  the 
apparatus  shown  in  Figure  i.  The  upper  arms  of  this  apparatus 
can  be  adjusted  to  different  flange  widths  by  means  of  the  split 
collar  and  set-screw  at  the  lower  end.  The  dials  can  be  re- 
moved and  placed  on  other  apparatus  if  desired.  This  device' 
was  very  rigid  and  gave  trustworthy  readings.  The  length 
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over  which  deformatiooa  were  measured  varied  from  30  inchea 
for  the  8-foot  span  to  45  inches  for  the  12-foot  span.  In  all 
cases  the  extensometers  were  set  just  iDside  the  points  of 
loading. 

Plate  II  shows  beam  E  2  ready   to  be  tested.      Plate   ¥ 
shows  a  beam  similar  to  those  of  Series  G  with  dials  attached. 

Computations: — The  following  i^niboLs  will  be  used  in  form- 
ulae applied  to  the  results  of  tests  in  this  bulletin : 

A  =  area  of  steel  in  tension ; 

A'=  area  of  steel  in  compression ; 

a  =  area  of  prong  of  a  stirrup ; 

b  =  breadth  of  beam  (web  in  tee-beams) ; 

b'=  breadth  of  flange  in  tee  beams; 

C  =  total  compressive  stress ; 

d  ^distance  from  top  of  beam  to  center  of  steel; 

E,=  modulus  of  elasticity  of  steel ; 

Ec=2  modulus  of  elasticity  of  concrete; 

e  =:  unit  deformation  in  steel  in  compression; 

ft^  unit  stress  in  concrete  on  the  extreme  fibre ; 

U=  unit  stress  in  steel  in  tension : 

f',=  unit  stress  in  steel  in  compression; 

g  =:  unit  stress  in  stirrups; 
jd  =  distance  between   centroids  of   tensile  and   compressive 


kd  =  distance  from  top  of  beam  to  the  neutral  axis; 
M^=  bending  moment; 
«  —  E, 

p  =  ratio  of  longitudinal  reinforcement; 

(vd  — ti 
^=   —Ed-- 

8  =^  distance  between  stirrups ; 
t  =  thickness  of  flange  m  tee-beams ; 
u  =  number  of  prongs  of  a  stirrup ; 

V  ^^total  shear  on  cross-section  of  a  beam; 

V  ^=  average  unit  shear  on  cross-section  of  a  beam ; 
v'=  maximum  unit  shear  on  cross-section  of  a  beam; 

z  :^  distance  from  top  of  beam  to  centroid  of  compressive 
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The  following  well  kncrtTo  formulw  baaed  upon  a  paratxdie 

variation'  of  stress  were  used: 


(1> 
(2> 
(3) 

{« 
(«) 
(61 


I  kbd-  {1  —  I  k) 

-  M 

Adtl  — ik) 

=  [3pn  +  f(pn)']^-|p"» 

_fg  A  — f.  A' 

|kbd 

~bd 


In  computing  the  stresses  in  tee-beams  of  Series  F  where  the 
neutral  axis  was  below  the  bottom  of  the  flange,  a  new  formula 
was  used  baaed  upon  a  paral^olic  stress  deformation  curve.  This 
formula  was  derived  for  the  sole  purpose  of  computing  stresses 
in  the  beams  imder  discussion  from  experimental  data  and  ia 
not  adapted  to  problems  in  design. 


Diagram  Showing  Stbebs  Distbibction  ik  Teb-beaus. 


As  the  neutral  axis  of  the  tee-beams  discussed  "was  never  be- 
low the  middle  of  the  beam  and  the  flange  thickness  was  about 
one-fourth  the  depth  of  the  beam,  the  error  made  by  assuming 
the  compressive  stress  lost,  due  to  the  decreased  breadth  below 
the  flange,  to  be  equal  approximately  to  a  triangular  wedge  of 
[201 
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stress  whose  volume^ 4 fo'   (td  —  t)    (b' — b)  will  have  bnt 
small  eflfect  uiK>n  the  resulting  formula. 

C    =Jkb' dfo  — l(kd  — tl(b'  — b)fo 

('c  =  (l  — 4q)2q(<' 

kd  —  t  =  qkd 

hence 

C    =  |kb' dfo-i(l  — iq)2q"  (b' — bjkdfc 
Taking  moments  of  the  compressive  stresses  about  the  top 
line  of  the  section  (Figure  5)  there  is  found: 
S  M.  =  zC  =  I kb'dfc  S kd  - 1  {1  —  iq)  2q'  (b'  —  b) kdfo  (kd  -  f  qkd) 

_XM.    _kdHb'-(l-iq  +  iq'lq'(b'-bl] 
C  Yb'-(l-iq)qM"b    ~b, 

id    =d  — a;        C  =  2fc;       M  =  jdC 
Therefore 

(7) 


'    "jdlikb'd  — id  — iqj2q'(b'  -  bj  kd] 

'■  =nd  "> 

Values  of  k  were  found  experimentally. 

For  finding  jd  in  order  to  compute  v  at  the  first  diagonal 
crack,  a  formula  similar  to  the  above  based  upon  a  straight  line 
variation  of  stress  was  employed. 

C  =ikdb'fc  — itltd  — t)(b'— b)f'c 

fo=qfc 

hence  C  =ikdfo[b'  -q'(b'  -b(] 

=  ^  ■  =  bdHt>'-qMl-|ql(b'-b)] 
C  b'— q"(b'— b, 

id  =  d  -  z 

The  maximum  onit  shear  was  found  by  the  formula 

'■  =  »  w 

In  tee-beams  b^  breadth  of  the  web. 

An  attempt  has  been  made  to  compute  the  stress  in  the  stir- 
rups. If  no  bars  are  turned  up  and  the  resistance  to  bending 
of  the  longitudinal  bars  be  neglected,  the  stirrups  will  carry 
the  full  v^-tieal  component  of  the  diagonal  tensile  stress  when 
the  concrete  has  cracked  providing  the  distribution  of  stress  is 
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unchanged.  This  component  i»  equal  in  intensity  to  the  max- 
imum unit  horizontal  shear.  Therefore  with  a  con.stant  shear 
from  support  to  load  each  stirrup  must  carry  a  stress  equal 
to  the  maximum  unit  horizontal  shear  multiplied  by  the"  area 
of  the  neutral  surface  between  adjoining  stirrups;  this  area's 
breadth  is  b  and  length  s. 
Therefore 

8  =  ^''  (10) 
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Fio.  6. — Beams  of  Sebieb  E — Reinfobcement  and  Cracks. 


1.       BEAMS  Of  SERIES  E 

In  order  to  secure  more  data  concerning  the  effect  of  rein- 
forcement in  the  compression  side  of  a  beam,  four  rectangular 
beams  were  reinforced  and  dimensioned  as  shown  in  Figure  6. 
[22] 
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These  beams  were  made  like  beams  T,.  Tj,  V,  and  V,  of  Series 
B  in  the  bulletin  of  the  series  of  1906,  with  the  exception  that 
they  had  additional  web  reinforcement  in  the  form  of  stirrups 
to  prevent  diaf^nal  tension  failures.  In  order  to  obtain  a  com- 
parison of  all  the  tests  of  this  kind,  Tables  XII  and  XIII  of  the 
bulletin  of  the  aeries  of  1906  have  h*^n  incorporated  in  Tables 
VI  and  VII  of  this  bulletin. 


TABLE  VI. 
Sbsim  B  ADD  E:    Beotahqdi^r  Bbams. 
1  8tMl  and  Coacrete.     8.9  per  cent  Beio Forcement  in  TeDsion. 


5 

Stress  in    »teel. 

¥ 

.si 

r 

£ 

lbM./iD. 

sis 

■ 

B  g 

h 

lis 

'l 

H 

&6 

II 

*b7 

M.lai 

i'. 

IL 

P 

III 

31 -S 

■B 

p, 

C 

23,160 

.670 

35,200 

2,260 

1,290 

1.76 

p; 

CADT 

20,180 

.675 

31,600 

2,050 

1.276 

1.61 

Ri 

2 

DT 

26,180 

.590 

39,000 

40,000 

2,370 

1.715 

1.43 

R 

0T 

S6,180 

.600 

39.100 

46,000 

2,860 

1.580 

1.46 

T, 

DT 

22,180 

.570 

38,800 

33,000 

1,610 

1,715 

0.9* 

T, 

DT 

24,160 

.566 

35,700 

36,000 

1,760 

1.385 

1.27 

V, 

DT 

25,160 

.610 

36,100 

28,500 

1.790 

2.210 

0.79 

^1 

DT 

29,160 

.555 

42,500 

39,000 

1,670 

1,770 

0.94 

T 

31,000 

.503 

46,100 

34,000 

8,880 

2,600 

l.U 

W2 

T 

3*.000 

.503 

46,100 

33,900 

2.880 

2,600 

l.U 

XI 

T 

33,000 

Ml 

45,000 

39,000 

2,000 

1.600 

1.33 

X8 

T 

34,000 

.560 

47,100 

42.000 

1.830 

1,530 

1.20 

As  shown  in  Figure  6  these  beams  failed  in  tension  followed 
rapidly  by  crushing  at  the  top  directly  above  the  failure  craok. 
.  The  stirrups  effectually  prevented  any  diagonal  tension  tailores. 
The  results  given  in  the  tables  and  the  moment-defomiatiaD 
carves  in  Figure  7  show  that  lower  steel  was  stressed  beyond  the 
elastic  limit  in  the  beams  of  Series  E.  The  deflection  carves 
show  a  more  sudden  failure  in  beams  P^  and  P,  than  in  those 
[83] 
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of  Series  E.  The  latter  beams  held  the  maximum  load  for 
some  time  before  failure.  It  is  of  interest  to  note  that  the  de- 
flection curves  for  beams  W 1,  W  2,  X 1  and  X  2  are  practically- 
straight  lines  up  to  the  maximum  load.  In  beams  W 1  and  W  2 
the  concrete  was  much  stnmger  than  in  beams  X 1  and  X  2  which 
accounts  for  the  increased  stress  in  the  heavier  compression  re- 
inforcement of  the  latter  beams. 


Seribs  B 
1    *  aud  ( 


TABLE  VII. 
to  E:    Bbctanqular  BiAiia. 
^     Breadth  7f '.    Baective  Depth  »{'. 


Total 



Haz. 
Homeot 
ID. Ibe. 

StroaaoD 

Beam. 

*',r 

Failure. 

Bd^. 

lba./iD'. 

Cube  and 

C7I. 

Ibs./in'. 

P, 

24,780 

C 

586,600 

194 

164 

1,290 

21.380 

CADT 

501,500 

141 

1,275 

R, 

28,710 

DT 

680,600 

922 

190 

1,715 

B. 

27,840 

660,500 

895 

181 

1,680 

21,180 

671,000 

774 

160 

1,716 

T, 

31,260 

711,000 

1,003 

S07 

1,385 

27,580 

652,000 

884 

182 

2,210 

I/, 

31,380 

741,500 

1,008 

207 

1,170 

31,000 

T 

sai.Boo 

1,060 

218    . 

2,600 

3i,H00 

821,900 

1,085 

223 

2,600 

XI 

33,500 

793,900 

1,043 

218 

1,500 

34,800 

821,900 

U  ^=  Compression.     DT  =:  Diagonal  tensiop. 
T  =  Tension.     Age  of  specimens,  28  days. 

Series  B  and  E  show  conclusively  that  it  is  possible  to  greatly 
increase  the  strength  of  reinforced  beams  by  placing  rein- 
forcement in  the  compression  side  and  properly  reinforcing 
against  diagonal  tension  stresses.  The  average  value  of  r-,^ 
for  beams  P,  and  P;  is  739,  and  the  same  quantity  for  beams  . 
"W 1,  W  2,  X 1  and  X  2  is  1,068,  or  an  increase  of  44  per  cent 
Furthermore  a  steel  reinforcement  in  the  compression  side 
provides  an  additional  factor  of  safety  against  failure  throng 
poor  concrete.  This  series  of  tests  also  shows  the  necessit?  of 
[24] 
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using  stimips  in  heavily  reinforced  beams,  even  where  the 
ratio  of  span  to  depth  is  large,  in  order  to  provide  against 
sudden  failure  due  to  excessive  tensile  web  stresses. 

An  interesting  experiment  was  performed  on  beam  X  2.  It 
was  loaded  up  to  16,000  pounds  and  the  load  released.  This  was 
repeated  four  times.  The  stress  developed  in  the  lower  steel 
was  about  21,000  pounds  per  square  inch  and  that  in  the  upper 
about  17,000  pounds  per  square  inch.  The  value  of  k  for  the 
first  load  was  .524.  After  the  firet  loading,  there  was  a  per- 
manent deflection  of  .05  of  nn  inch.  This  permanent  deflec- 
tion did  not  increase  under  the  repetition  of  loads  until  the 
fifth  load  of  16,000  pounds  was  applied  and  released,  when  it 
became  .055  of  an  inch.  Cracks  Nos.  1-8,  Figure  6,  appeared  at 
the  fii^t  loading,  causing  the  first  permanent  deflection,  and 
Nos.  9-18  causing  the  increase  in'  permanent  deflection,  ^- 
peared  at  the  fourth  repetition.  Cracks  1,  2  and  11  extended 
up  to  the  middle  of  the  beam  at  the  last  16,000  pound  load. 
The  beam  was  then  turned  over  so  that  the  ^-ineh  rods  were 
in  the  tension  side,  and  loads  up  to  9,000  pounds  were  applied 
and  released.  This  load  caused  cracks  A  to  L  to  appear  and 
developed  a  permanent  deflection  after  removal  of  load  of  .06 
of  an  inch.  The  stress  caused  by  this  load  in  the  ^-inch  rods, 
the  lower  reinforcement  in  this  ease,  was  about  20,000  pounds 
per  square  inch  tension  and  in  the  upper  J-inch  rods,  about 
8.0C0  pounds  per  square  inch  compression.  The  value  of  k  for 
this  load  was  .366.  The  beam  was  then  turned  over  and  loads 
applied  until  failure  occurred  at  34,800  pounds.  It  will  be 
noted  that  the  ultimate  strength  of  this  beam  could  not  have 
been  greatly  reduced  by  the  repeated  loadings  as  it  withstood  a 
somewhat  higher  load  than  its  mate,  X  1.  In  Figure  7,  the  per- 
manent deformations  and  deflectitms  for  a  set  of  loadings  are 
shou-n  by  the  position  of  the  second  set  of  points  at  the  initial 
moment- 

2.    BEAMS   OP   SEKIES  P 

This  series  consisted  of  fourteen  beams  dimensioned  and  re- 
inforced as  shown  in  Figures  8,  9  and  10.  These  beams  were  re- 
inforced heavily,  about  one  per  cent,  figured  on  the  area  of  the 
[25] 


D.qil.zM0lGoOl^lC 


BI'LLETIK    OF    THE    UNIVERSITY    OF    WISCONSIN 

k  =  proportloniilp  dppth. 


!««. 


°     I     I     i     I     I     I     |l  I 

Uefarmatlati  per  unit  lenKtb. 

Fro.  7. — Beams  of  Sebies  E — Moment-Defobmation  Cubvbs,  Eto.i 
[26]  T^OOglC 


WITIIEY PLAIN    ANIJ    REISFORCEII    CONCBETE 


'"■Jl'Dlvl  i  !  r 


m 


jJSlJS.^ 


rt^/r. jM'"kMAAf'i^i'>i 


ay : 


'/^M>  '^  iM^'^\'^^'  'A^^^ 


Jtii]:i>LJ  j 

1  1  t  1  >i~rT7> 

1 1 ( 

,^«^rf,' 

1  i"l"irfV^\)^' 

..X^S^^^'Tl       ^— 


°/i'\  I'     ill"  si  W  \iii^\'W  <i>\^  ~ 


rffiifiii 

_    liUiiif' 

1 '  ^^t-,...^ 1 

,^yy=r^^H-'f¥i'\Xv^.^' 

Fig.  S. — Beaus  of  Sebies  F — Rei.ifobcembnt  and  Cbagks. 

[2-1 


D.qil.zM0lGoOl^lC 


94  BULLETIN    OF   THE    UNIVEB81TY    OF    WI8C0K8IM 

PI 


^mrf 


^y//^/r^"\Av7^ 


^l^M'/f,'-i^L^  k^  H'\-l^;^-^; 


■man. 


I  n  I  U-fi  iLH 
u-iilii-tgij 


I      -4,  J'l:.^^^^    I 


..'/Vir^//^i^.,K^.im7i' 


.ir--^i^_a. 


3 


D.qil.zM0lGoOl^lC 


WITHBT PLAIN    AND    REINFORCED    CONCRETE 


95 


enclosed  reotaDgle  b'  d,  in  order  that  lugh  compressive  streBses 
might  be  developed  in  the  flange.  This,  together  with  the  small 
ratio  of  span  to  depth,  also  caused  large  tensile  stresses  in  the 
web.  Stirrups,  inclined  rods  and  meshing  were  employed  as 
web  reinforcement.  Figure  3  under  2  shows  the  kind  of  stir- 
mps  iised  in  this  series.  The  method  of  loading  is  shown  in 
Plate  II.  The  16-ineh  flange  beams  weighed  about  1,850  pounds 
and  those  -with  24-ineh  flanges  about  2,200  pounds  each.  Du- 
plicate beams  were  made,  the  results  of  'which  show  close  agree- 
ment in  all  cases. 


01 
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Fia.  10. — Bkams  ot  Sebibs  F — Reinfoboement  uca  Cracks. 

Tables  VIII  and  IX  contain  the  computed  data  for  this 
series  of  tests.  Figures  11  to  17  give  moment-deformation  and 
deflection  curves  for  this  aeries.  All  beams  of  Series.  P,  except 
beams  G  1  and  G  2,  failed  in  tension  followed  by  compression  in 
the  flange.  In  general,  tensttni  cracks  were  first  visible  in  the 
middle  and  on  the  bottom  of  the  span  of  the  beam  at  a  stress 
of  12,000  to  15,000  pounds  per  square  inch  in  the  steel.  As  soon 
as  the  diagonal  tension  became  too  great  for  the  concrete  in  the 
web  to  transmit  to  the  compression  side,  diagonal  tension  cracks 
would  appear.  These  cracks  sometimes  started  from  tension 
cracks  near  stirrups,  while  at  other  times  they  opened  up  in 
the  middle  of  the  web  between  the  stirrups.  In  nearly  all 
cases  they  crept  up  to  the  flange  and  then  horizontally  along 
[89) 
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the  juDctioD'  of  flange  and  'web.  In  the  beams  which  had  both 
stirrups  and  inclined  rods  for  web  reinforcement,  these  cracks 
did  not  produce  failure.  In  these  beams  failure  came  through 
the  weakening  of  the  tensiOTi  side  of  the  beam  when  the  steal 
passed  the  yield  point;  »Hie  of  the  previously  observed  tension 
cracks  would  widen  considerably,  owing  to  the  increased  stretch 
in  the  steel,  and  this  caused  a  large  amount  of  compressive 
stress  to  be  thrown  upon  a  small  area  in  the  flange  which  would 
finally  crush.  This  general  type  of  failure  is  -well  illustrated 
in  Plate  III,  beam  C  1,  and  Plate  IV,  beam  D  2.  In  nearly  all 
cases,  upon  removing  the  concrete  from  around  the  rods  at  the 
point  of  failure,  the  metal  was  found  to  have  sealed,  showing 
conclusively  that  it  had  passed  the  yield  point.  This  was  es- 
pecially noticeable  in  beams  A  1,  A  2,  C  1,  C  2,  D  1  and  D  2. 

Beams  G  1  and  G  2  failed  through  dif^cmal  tension  owing  to 
insufficient  web  reinforcement.  In  both  beams  the  ^-ineh 
stirrups  were  broken  near  the  failure  crack,  indicating  that  the 
increased  stress  brought  upon  them  by  the  failure  of  the  con- 
crete loaded  them  beyond  their  capacity.  These  two  beams 
failed  suddenly,  accompanied  by  a  sharp  snap,  due  to  the 
breaking  of  the  stirrups.  In  Plates  VI  and  VII  just  below 
the  arrow  tips  are  seen  the  broken  stirrups. 

In  beams  A  1  and  A  2,  corrugated  bars  and  stirrups  were  em- 
ployed to  insure  against  a  failure  due  to  slipping  of  tiie  stir- 
rups. Beams  B  1  and  B  3  were  similarly  reinforced  horizontally 
but  had  i-inch  mild  steel  round  rods  for  stirrups. 

The  teste  of  these  four  beams  show  there  was  no  advantage 
gained  in  using  the  deformed  bars  as  stirrups.  In  tiiis  series 
there  was  no  evidence  of  slipping  of  the  smooth  rods  either  in 
the  stirrups  or  horizontal  reinforcement.  Beam  B  2  fell  while 
being  moved  and  was  cracked  in  the  middle,  across  the  top  and 
down  through  the  flange.  This  injury  did  not  materially  af- 
fect its  strfflagth  but  accounts  for  the  sag  in  the  deflection  curve 
and  moment-deformation  curve  for  concrete  and  the  lower  posi- 
tion of  the  neutral  axis  shdwn  in  Figure  12. 

Beams  C  1  and  C  2  had  smooth  round  mild  steel  rods  for  both 
web  and  main  reinforcement.  These  two  beams  were  not  as 
strong  as  those  whose  main  reinforcement  consisted  of  corru- 
gated bars  owing  to  the  lower  yield  point  of  the  round  rods. 
[3%] 
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The  failure  of  both  of  these  beams  was  slow  as  is  shown  by  their 
defection  curve  in  Figure  13. 

The  beams  reinforced  with  expanded  metal,  beams  F  1  and 
F  2,  showed  a  large  number  of  cracks  uniformly  distributed 
along  the  beam.  Beam  F  1  stood  the  highest  load  of  any  of  the 
16  inch  flange  beams.  Plate  VIII  and  Figure  9  shows  the  cracks 
which  appeared  in  this  beam  at  t!ie  iiiaximu]n  load. 

TABLE  VIII. 
Sbbibs  F:  Tib  Bbams  A— IGl 


Stnea  in  8t«el 

StreuiD 
CoDcrete. 

Posi- 

tion of 

Moment 

Neu- 

by 

Load 

at  Load 

tral 

by        Deform' 

by 

Cylin- 

B 

Tvs 

CoDBid- 

CoDsid 

Asia. 

MomeDt   atioQ. 

Moment 

der. 

BMm. 

ered. 

ered, 

k. 

lb9./iD.»|lba,/iD.' 

Iba./in.' 

lbs. /in.' 

C 

lbs 

ID.  lb*. 

B. 

C. 

Al 

61,000 

1.36&.O0D 

,*35 

19.100 

51,500 

1,940 

2.480 

.79 

A2 

64.000 

1,265,000 

.117 

48,800 

58.000 

1,900 

1,640 

1  21 

Bl 

62.000 

1,225.000 

.«9 

47.600 

48,000 

1,840 

1,970 

.93 

BS 

62.000 

1.326,000 

870 

19,800     M.OOO 

1.610 

1.930 

.83 

01 

68.000 

1,145.000 

.394 

11.500  ,  Iti.IiOO 

1,»50 

1.950 

.95 

C2 

M.OOO 

1.065,000 

481 

12.600 

4-2.  QUO 

1,550 

1,660 

.91 

Dl 

88.000 

1,712.000 

.489 

16.600 

47,501) 

1.740 

1,660 

1.06 

D2 

96.000 

1,902,000 

.181 

48,500 

64,000 

2,0:« 

Bl 

88.000 

1.7M,000 

.178 

45,200 

50,6(10 

1,760 

"i;936 

"".91 

Et 

82.000 

1,6:»,000 

.516 

12,600 

46,000 

1,570 

1,730 

.91 

PI 

66,000 

1,305,000 

.118 

50,800 

57,5<» 

1,970 

1.770 

1.11 

Fa 

6t,000 

1,266,000 

.115 

18,700 

67,000 

1,990 

2,290 

.87 

•Ql 

M,0M 

866,000 

.394 

m.  100 

32,200 

1,400 

*Q2 

M.OOO 

8(15,000 

.481 

33,400 

27,900 

1.360 

2.890 

■■"m 

:  all  others  (ailed  in  tension. 


Of  the  24-inch  flange  beams,  beam  D  2  showed  the  greatest 

ctrength  and  held  the  maximum  load  from  a  deflection  of  .5  of 

an  inch  to  1.15  inches.    Figure  9  shows  that  the  -web  of  this 

beam  was  covered  with  a  lai^e  number  of  diagonal  cracks  caused 
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by  the  high  tensile  web  stress.     Plate  IV  shows  the  beam  after 
it  was  tested. 

Beams  E  1  and  E  2  did  not  show  as  high  strength  as  beam  D  1 
and  D  2.  As  the  kind  of  failure  in  all  cases  was  practically  the 
same  and  the  deformation  curves  indicate  that  the  yield  point 
of  the  metal  was  reached,  it  seems  evident  that  the  steel  in  tiie 
former  beams  had  a  lower  yield  point  than  that  in  the  latter. 

Table  VIII  gives  the  position  of  the  neutral  axis  and  the 
stresses  in  the  steel  and  concrete.  The  average  position  of  the 
neutral  airis  for  the  16-inch  flange  beams  is  about  .43d,  and  for 
the  24-inch  flange  beams  it  is  approximately  .48d  from  the  top 
of  the  beam.  The  value  of  k  computed,  on  the  basis  of  an 
enclosed  rectangle,  by  formula  (3)  with  n  =;  10  is  .425. 

The  stresses  in  the  concrete  and  steel  were  computed  by  for- 
mulae (7)  and  (8).  The  formulae  for  rectangular  beams, 
formulae  (1)  and  (2),  if  used  in  computing  these  stresses, 
would  give  results  averaging  two  per  cent,  larger  than  those  given 
by  the  formulae  used  for  the  stresses  in  the  steel  and  a\>out 
twenty  per  cent,  smaller  for  those  In  the  concrete  for  the 
narrower  flanged  beams  and  still  larger  discrepancies  if  ap- 
plied to  the  wider  flanged  beams.  The  stresses  in  the  steel 
obtained  from  deformations  check  quite  closely  those  computed 
from  resisting  moment.  The  stresses  in  the  concrete  in  general 
are  somewhat  lower  than  the  ultimate  compressive  strength 
of  the  corresponding  compression  specimens.  However,  from 
the  rapidity  with  which  compression  in  the  flange  followed  the 
tensile  failures  in  the  steel  and  from  the  large  deformations,  in 
the  concrete,  it  is  quite  evident  that  the  compressive  strength  of 
the  concrete  was  developed  in  these  beams. 

Table  IX  contains  the  values  of  tensile  strength  of  the  auxil- 
iary specimens  and  v'  at  the  flrst  diagonal  crack,  also  values 

of  v'  and  '^^  at  the  maximum  load.  The  quantity  v'  was 
obtained  by  using  formula  (9)  as  previously  explained.  Con- 
siderable care  was  taken  to  note  the  load  at  the  first  appearance 
of  a  diagonal  crack.  The  maximum  unit  shear  v'  computed  from 
these  loads  averages  179  pounds  per  square  inch  (excluding  D  2) 
and  the  mean  value  of  the  tensile  strength  of  the  6-inch  cylinders 
is  187  pounds  per  square  inch.  There  is,  however,  considerable 
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difference  between  the  strength  of  the  speciniea  and  Y  at  the 
first  crack  in  individuaJ  cases. 


TABLE  IX. 

Buun  F:  Tnt  Bxams  A  1— 08. 


Reinforcement— aheariDg  stressM  — 

'S^^. 

Beinforcedunt. 

AtFibbt 

DlAOOHAL 

Cback. 

At  MAXiurM  Load. 

Tm 

Bwini. 

1 

1 

i 

1 

i 

i 

1 

i^ 

■•if 

< 

1^ 

-t 

Al 

i,  Hd.  cot.  bare 

ai.ooo 

188 

256 

08,600 

306 

361 

46? 

A2 

U,  i-ia.  cor.  stir- 
rupa. 

38,000 

171 

167 

66,800 

306 

ffi7 

450 

Bl 

4,  |-in.  cor.  bars 

43,000 

896 

260 

65,600 

304 

357 

444 

BS 

16,  H".  round  8tir- 
S,  l-ta.  round  rods 

96,000 

IBO 

157 

62,400 

389 

354 

485 

CI 

34,000 

18i 

197 

60.000 

278 

322 

407 

03 
Dl 

16,  i-m- round 

Btirrnpa. 
6,  i-in.  cor.  bars 

34,000 
46,000 

185 
247 

216 
182 

57,400 
96,800 

265 
446 

316 

sae 

390 
437 

DS 

14,  H".  cor.  Btir. 

6,  ^In.' cor.  bars 
<3  bent). 

58,000 

306 

101400 

470 

544 

460 

Bl 

46.000 

244 

148 

92,800 

429 

506 

490 

SI 

M,|-in.cor.  Btir- 

M),000 

815 

184 

98,000 

407 

485 

400 

Fl 

4,  J-in.  cor.  bars 

(3  beat). 

30,000 

1B8 

142 

67,600 

313 

368 

45U 

F2 

l-iD.  wire  mesh. 
No.  11  wire. 

88,000 

150 

174 

65,400 

302 

358 

445 

•Ql 

(straight). 

p!4,U00 

126 

184 

49,000 

832 

259 

333 

•G2 

16,i-in.  round 
atirrupa. 

28,000 

149 

161 

48.800 

223 

260 

324 

'Failed  in  diagonal  tension;  all  others  failed  in  tension. 
Age  of  specimens  28  days. 
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Beam  D  2  developed  the  highest  unit  shearing  stress  of  544 
poimdg  per  square  inch  and  also  the  highest  value  of  .  ,  ,■ 
(460).  The  high  horizontal  shearing  stresses  developed  in  these 
heavily  reinforced  beams  of  large  depth  in  proportion  to  span 
length  indicate  that  such  stresses  will  not  cause  failure  in  the 
ordinary  tfle-beam  if  it  is  properly  designed  to  resist  diagonal 
tension  stresses.  In  none  of  the  beams  tested  did  the  Sangea 
fail  or  separate  from  the  web  due  to  shearing  stresses  primarily. 
It  is  necessary,  however,  to  guard  against  this  form  of  failure 
by  allowing  the  stirrups  to  extend  well  up  into  the  flange  of 
the  beam. 

3.    BEAMS  OF  SERIES  N 

The  beams  of  this  series  were  made  and  tested  as  thesis  work 
as  previously  stated  in  the  introduction.  The  beams  may  be 
divided  into  two  classes ;  those  in  which  the  web  reinforcement 
was  rigidly  attached  to  the  main  bars,  and  those  in  which  it 
was  loosely  attached.  In  the  first  twelve  beams  of  this  series, 
£ahn  bars  were  used  as  reinforcement.  In  six  of  the  twelve 
beams  the  flanges  of  the  bars  were  entirely  sheared  off  and 
the  prongs  replaced  by  loose  stirrups.  In  the  other  six,  the 
prongs  were  bent  up  either  at  45°  or  90°  with  the  axis  of  the 
main  bar.  The  last  seven  beams  of  this  series  had  a  variety  of 
reinforcements.  The  amount  of  main  reinforcement  used  in 
the  first  twelve  beams  was  .6  of  one  per  cent,  of  the  area  of  the 
enclosing  rectangle,  b'd;  beam  N  14  had  one  per  cent,  and  the 
rest  of  the  series  had  approximately  .66  of  one  per  cent.  Ex- 
cepting beam  \  14,  the  amount  of  web  reinforcement  was  the 
same  for  all  beams. 

Figures  18.  19,  20  and  21,  show  how  this  series  was  dimen- 
sicmed  and  reinforced.  Tabl^  X  and  XI  contain  the  results 
of  computations  for  this  series.  Asthe  neutral  axis  for  all  these 
beams  was  in  the  flange,  formulae  (1)  and  (2)  were  used  in 
computing  stresses  in  the  steel  and  concrete  for  all  beams  upon 
which  extensonieter  readings  were  taken.  Formula  (3)  was  used 
to  calculate  the  value  of  k  for  the  first  six  beams,  n  being  taken 
equal  to  10. 
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k  =  proportion tte  deptb. 


Detocmatloii  per  on  It  l^ngtb. 

Fib.  II. — Bt^ia  or  Sebixb  F — UoHxnr-IteFOBKATiOH  Cuotes,  Efio. 
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k  =  pnparUonat*  di 


i     i     §     i     11 


DarocnuLtloi]  p«t  unit  length. 
rio.  IS. — Beaks  of  Sbbdes  F— MoimrrDEFOBUATiON  Ctisna,  Bro. 
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ki^rapartlanate  deplh. 


i      g      i     i  I 


I>e[<orm>tlon  i»et  unU  lengtb. 
Fig.  13. — Beaus  of  Sebies  V — Moment — Defobuation  Cvuvta,  Etc. 
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k  =  proportioDftte  deptb. 


I 

I  UKOdO 


ZDOODO 


'     i     i     i    i     i     %    t(  I 

Pio.  H.Seamb  of  Sebies  F^-MouBHT-DBroucATiON  Cnsna,  Dro. 
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k  =  proportionate  depth. 


DefonnatloD  per  unit  length. 
Vm.  16.— BXAiu  or  Sebus  F-^IoHEnr-DKnwKATHnr  Cu*ns,  Dio. 
[41] 
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k  =  proportloiuUe  dapth. 


Deformation  per  unit  lenpb. 
Pro.  16. — Beams  of  Sebies  F — MoMEKT-DEroBMATios  Cukves,  Etc. 
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k  =  proportionate  deittli. 


DeformatloD  p«r  tmit  lengtlL 
Ko.  17. — Bkaub  or  %BiE8  F — MomxT-DEFOBUATion  Cubves,  Etc. 
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1           1 
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1         -    '         t 

.^       f" 

V/'Y\'  P\ 

A  /■ 

uz 


^^  ^    ^    ^    '-.  \    ^.  ^    '   /   /   /    '   /  \        Uu 


1         I 

J^J^ 

'l\Y\''fV\ 

-A^:^ 

N5 


N6 
I.  \  \  \  'v  v  \  .'/////  i    rw 


J L 


7//,\,      yjif^^    Y\'' 
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11 

Fio-  18.— Beams  of  Sebus  N — RnnroBOEHEnr  aitd  Ckuikc. 
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N9 

\       N 

\      \ 

,'    ^ 

/      /      / 

-Vk 

\\ 
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.J^' 
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J_ 
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■>|j|   t»L>l,5  V  Ul     V 
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^  /  /  /  / 
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Pig.  19. — Beaus  of  Srries  N — Reisfokcement  . 
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Fio.  20.— Beams  of  Series  N— Reirfobceuemt  ai>d  Ckaoss. 
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P:o.  21. — Beamb  or  Sebies  N'-REiNn>KCEUENT  and  Ckacks. 
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In  the  beams  with  loosely  attached  web  members  and  straight 
horizontal  reinforcement,  no  rods  bent  up,  the  final  failure  oc- 
curred through  slipping  of  the  rods  either  before  or  just  after 
the  yield  point  of  the  metal  was  passed,  when  the  load  fell  off 
r^idly.  This  did  not  occur  in  tests  of  the  beams  with  rigidly 
attached  web  members.  Beams  N  1.  X  3,  N  6,  N  7.  N  10  and 
N  12  failed  through  slipping  of  the  rods  in  the  manner  men- 
tioned. Beams  N  2,  N  4,  N  5,  N  8,  N  9  and  N  11  failed 
in  tension  at  the  center.  In  these  latter  beams  the  steel  was 
stressed  considerably  beyond  the  yield  point,  and  failure  was 
very  slow  as  shdnn  by  the  deflection  curves. 

In  beams  N  5  and  N  9  the  prongs  of  the  Kahn  bars  were 
best  up  at  an  angle  of  45°,  while  in  beams  N  8  and  N  11, 
they  were  bent  up  vertical.  The  former  showed  considerably 
greater  strength  than  the  latter  beams.  Beams  reinforced  wiA 
inclined  loose  stirrups  showed  a  small  increase  in  strength  over 
those  in  which  the  stirrups  were  set  vertically. 

Beam  N  13  was  reinforced  with  four  |-inch  rods,  the  mid- 
dle two  being  bent  up  as  shown  in  Figure  20.  Upon  the  other 
two  rods  were  slipped  twenty-three  1  x  ^B-ineh  slitted  band 
iron. stirrups.  These  stirrups  are  shown  in  the  end  view  of 
the  beam.  As  can  be  seen,  they  were  bent  to  form  a  rectangle 
open  at  the  bottom.  The  slits  were  cut  in  the  middle  of  the 
1-inch  sides  near  the  ends  and  the  iron  pulled  out  so  that  the 
J-ineh  rods  passed  through  parallel  to  the  1-ineh  sides.  Beam 
N  14  was  similarly  reinforced  with  stirrups  but  had  J-ineh 
rods  for  main  reinforcement  and  end  plates  to  which  these 
rods  were  attached  to  prevent  any  slipping.  Beam  N  17  was  re- 
inforced 'with  two  1  X  1  X  J-inch  angles,  one  ^-'uch  and  two 
f-inch  rods,  the  latter  being  bent  up  at  the  ends  as  shown  in 
Figure  21.  Twenty-three  hoops  of  the  band  iron  used  in  the 
above  beam  were  spaced  as  shown  and  rigidly  bolted  to  the 
angles  at  the  lower  corners  of  the  hoops. 

These  three  beams  all  failed  slowly  by  tension  at  the  center. 
In  all  three  a  large  number  of  cracks  were  developed  as  shffwn 
in  Figures  20  and  21.  Beam  N  13  failed  in  crack  No,  16,  which 
did  not  appear  until  the  maximum  load  was  almost  reached. 
After  beam  N  14  had  failed,  the  load  was  released,  and  it  was 
again  reloaded  with  the  same  maximum  load  but  an  increased 
[48] 
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deflection.  This  was  followed  by  enuhing  of  tlie  concrete  in 
the  flange.  The  deflection  curves  for  these  beams  indicate  th» 
■lowneas  with  which  these  beams  failed. 

Beams  N  15,  N  16,  N  18  and  N  19  were  all  reinforced  with 
roond  rods,  part  of  which  were  bent  up,  and  loose  W-stirrups 


TABLE  X. 

SbrirbN:    Tbb  BbahsNI-NIS. 

Streasea  !□  Steel  aod  PoaitioD  of  the  Neutral  Axis. 


Btrem  in  Steel 

Stress  in 
Concrete 

Tm 

Beam. 

Moment 

Posi- 
tion of 

Load 

at  Load 

Neutral 

by 

by  Mo- 

X^' 

Conaid- 

Coosid 

Axis 

by  Mo 

Deform 

meat. 

k. 

meet 

atioo. 

Ibi./in.' 

n 

Ibs. 

in.  Ibfl. 

Ibs./in.' 

bs/in.' 

B. 

C. 

Nl 

24,000 

168,000 

.31& 

39,400 

1.050 

L540 

,68 

N2 

34,600 

681.401 

..345 

57.400 

1.530 

1,310 

1.17 

N3 

26,000 

407,  Mt 

.315 

31,300 

910 

1,100 

,83 

Hi 

37,400 

591,00c 

.315 

49,600 

1,320 

1.460 

.91 

N6 

32,600 

637, 60C 

.314 

62,100 

l,51C 

3.140 

.71 

Nfi 

24,000 

466,60C 

.341 

45,500 

I.  no 

1.280 

.87 

N7 

22,000 

426, 60C 

,362 

38.800 

37.600 

970 

1,590 

.01 

N6 

2t,200 

470,O0C 

405 

43,700 

42,000 

970 

l;6ia 

.59 

Nft 

ia.ooo 

661,5a 

.360 

60,200 

36.000 

1,500 

1,.390 

108 

NIO 

28,000 

4O5,00C 

,341 

36,700 

•27.900 

970 

2.060 

.43 

.310 

46,300 

40.500 

1,400 

.97 

N1« 

32.000 

5(».00( 

,315 

45,000 

42,000 

1.320 

1,300 

I  01 

N13 

30,000 

587,000 

,313 

46,500 

1.510 

8,0% 

.74 

:m,ooo 

770, 00< 

.425     45,000 

13.000 

1.600 

1.520 

1.05 

N15 

32,000 

625,  OK 

3:»     51,600 

40,500 

l,.-)*© 

1,800 

1,28 

NI6 

.12,600 

63.%00( 

.380     53.500 

42,000 

1,400 

1,160 

1.19 

nn 

SCO"* 

590.00( 

312  1  41,500 

36.000 

1,400 

1.400 

1.00 

N18 

29,000 

5»»,0O( 

.321  1  44.100 

40.600 

1,420 

1,320 

l.OB 

32,000 

1,330 

1,970 

,67 

Ag«  of  Hpacimena  6  weeks. 

set  vertieaUy.  The  manner  in  which  these  beams  were  rein- 
forced is  shown  in  Figures  20  and  21.  These  beams  all  failed  by 
tension  at  the  center.  Beams  N  15  and  N  16  stood  considerably 
higher  loads  than  N  18,  showing  the  advantage  of  distributing 
the  metal  in  small  rods.  Beams  N  15  and  N  16  also  sho'w  a 
4  |49| 


D.qil.zM0lGoOl^lC 


116  BULLETIH    OF   THE    DWIVBBaiTT    OF    WIBOOnSIIT 

lai^e  nutiiber  of  cracks  distributed  throufthout  the  leniith  of 
the  beam. 

It  '.>i  of  interest  to  compare  these  beaim  and  beam  N  13  with 
those  having  the  rigidly  attached  reinforcement,  beams  N  5, 
N  8,  N  9  and  N  11.  Figures  22  to  27  contain  moinent-defomia- 
tion  eiirvts  and  deflection  curves  which  will  be  of  assistance  in 
forming  this  comparison.  It  is  very  probaWe,  in  the  tests  of  the 
beams  with  the  round  rod  reinforcement,  that  the  sudden  de- 
crease of  loading  after  the  majcimuni  had  been  reached  was  due 
to  the  inability  of  the  oil  pump  to  supply  pressure  rapidly 
enough.  The  valves  of  this  pump  had  become  worn,  and  in  the 
tests  of  the  latter  part  of  this  series,  considerable  difficulty  was 
encountered  in  holding  the  load  long  enoi^h  to  take  extenso- 
nieter  readings.  This  explanation  seems  all  the  more  probable 
after  the  teats  of  Series  E  and  P,  in  which  the  beams  reinforced 
with  smooth  rods  held  the  maximum  load  for  some  time.  Out- 
side of  this,  beams  \  15  and  N  16  compare  well  with  beams 
having  Kahn  bars  sheared  up  at  45°. 

Table  X  shows  the  position  of  the  neutral  axis  and  the  stresses 
in  the  s'teel  and  concrete  for  these  beams.  The  average  value 
of  k  corresponds  very  closely  to  the  theoretical  value  computed 
from  formula  (3)  when  n  =  10.  The  latter  value  is  used  in  ob- 
taining the  stresses  for  beams  NltoN6.  In  beams N 5 and N 9, 
the  steel  was  evidently  loaded  to  its  ultimate  strength.  Table  XI 

gives  values  of  the  shearing  stresses  developed  and  grji  - 

Not  enough  horizontal  reinforcement  was  used  in  this  series 
to  fully  test  the  value  of  the  various  reinforcements  in  pre- 
venting diagonal  tension  failures.  It  is  quite  evident  that  a 
rigidly  attached  web  reinforcement  is  of  decided  advantage  in 
preventing  bond  failures  in  short  and  relatively  deep  beams. 
How  efficacious  a  reinforcement,  which  concentrates  a  Urge 
poition  of  its  metal  in  single  web  members,  would  be  in  resist- 
ing high  diagonal  tensile  stresses  is  a  matter  for  further  experi- 
i;:eiits  to  drtermine.  Rigidly  attached  web  members  inclined  at 
45°  are  in  a  better  position  to  resist  dingonal  tensile  stresses  than 
those  which  are  bent  up  vertically. 

In  beams  with  smooth  rods  and  loose  web  reinforcement,  it 
is  nece.ssaiy.  in  short  and  relatively  deep  beams,  to  keep  the 
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TABLE  XI. 

SsRin  N:    Tbs  Bums  N1— N19. 
RemforcemeDt — shearing BtrwMS—  ,  ,  .^ 


Roinforoement. 

At  Maeihuh  Load. 

1 

1 

Ill 

3 

'{If 

i« 

Hs 

21,000 

31,600 

86,000 

37,i00 

32,600 

24,000 

22.000 

28,000 

47.200 

34,000 

38,000 

34.000 

82,000 

44,000- 

31,200 

38,500 
32,400 

30,000 
40,000 

176 
254 

190 
874 
174 
138 
117 
149 
251 
ISl 
207 
ISl 
174 
230 
182 

173 

172 

160 
213 

308 

8»1 

818 

314 

200 

147 

135 

176 

200 

207 

S38 

204 

197 

274 

207 

202 
197 

182 

247 

N8 
MS 

10  Jxf-iDch  stirrups. 

1,  1-inch  Kahnbar 

iDclined  ftlternate  shearing 

304 
182 

12,  1-inch  stirrups 

N5 

inclined  alternate  sheariog 

a,  I-inch  Kahn  bars  

iocliaed  alternate  shearing 

308 

BT 

U.  i-inch  inclined  W-stirrups 

N8 
N9 
NIO 

»,  f-inch  W-stircups 
8,  I-lxcb  Kaiut  bars 

vertical  alternate  riieariiic 
2,  f-iroh  Kahn  bars 

inclined  alternate  shearing 

SS8 
358 

12,  J-inch  inclined  W-stirrups 

N13 
NU 
M16 

16.  i-inch  W-stirrupB 
1,  i-inch  round  rods  (2  bent)  . . . 

23,  Iz^tnch  alitted  stirrups 
I,  f-inch  round  rods  {2  bent). . . 

S,  lifi-inch  slitted  stirrups 
6,  1-Dcb  round  rods  (4  bent) 

312 
431 
317 

N17 

N18 
N19 

8,   1  and  1, 1-fn.  round  rods  (2 

bent) 
8-1,  lii-ioch  hoops 
i,  I-inch  round  rods  (2  bent)  . . . 
18,  i-JDcb  W-stirrups 

6,  Wich  round  rods  (i  bent). . . , 
U,  }-inch  W-stirrups 

302 

278 
298 

Age  of  specimens  6  weeks. 
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k  =  pcoportioDate  depth. 


'  "" 

- 

-] 

«• 

" 

r 

~ 

~ 

~ 

~ 

'" 

~ 

~ 

" 

— 

~ 

~ 

~ 

"I 

~ 

1 

" 

1 

^*00<n. 

F 

>»■ 

a 

^.V 

NFCT 

..':'.,'':',»*"r."L 

i**™" 

a*l~~' 

j 

-  2    5    s    s    s    ::- 

° 

1 

woou 

j 

^ 

-r 

_ 

-r- 

s 

\j. 

T 

m 

1- 

-i| 

- 

- 

- 

ObO  PERCENT  REIN 

CT 

u 

fr 

,. 

h 

l^oooco 

V 

" 

" 

— 

- 

^ 

socooo 

. 

, 

]> 

■1 

BEAM  N14 

l.OO  PERCENT  REINF-CT 

t.i/i  i»K  ROUND  RODS 

2  RODS  BENT  UP 

i«m,- 

H 

1 

- 

?- 

I 

- 

i 

i;  - 

t 

M 

P 

- 

3 

1, 

fiif 

V 

y 

1 

ff 

i 

o 

aanooo 

1 

f 

^ 

. 

_ 

_ 

_ 

-L 

_l 

_l 

_ 

_ 

_ 

_ 

_ 

■_ 

_ 

EletormAtlon  pet.  unit  leoKtb. 
Pig.  23. — Bbaub  dp  Sbbus  N— MouENT-DBFOSMATtON  Cubves,  Etc. 


[63] 


D.qil.zM0lGoOl^lC 


]20  BDLLETIIT    OF   THE    U1TIVEB8ITT    OF    WIBOOHSIN 

k  =  prDportloBat«  depth. 
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k  =  proportlouate  depth. 
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k  =  proportionate  depth. 
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main  reinforcement  distributed  in  small  members  to  guard 
against  failures  due  to  insufficient  bond.  When  a  portion  of 
the  rods  are  bent  tip,  the  strength  of  the  beam  is  increased 
against  both  bond  and  diagraial  tension  failures,  and  the  bent 
up  rods  can  be  carried  over  the  supports,  if  the  span  is  cootin* 
noua,  furnishing  resistance  to  the  negative  bending  moment. 

The  subject  of  the  amount  of  shearing  reinforcement  will  be 
discussed  further  in  this  bulletin  under  the  head  of  "Web  Re- 
inforcement."  It  is  only  necessary  to  say  in  passing  that  the 
gtirmp  bent  rod  combination,  a  strong  meshing  or  a  large  num- 
ber of  small  stirrups  properly  distributed  with  reference  to  the 
loading,  such  as  was  used  in  Series  F  and  N  appear  to  provide 
adequate  resistance  against  these  stresses. 

4.    Beams  op  Sebies  Q 

This  series  of  beams  was  designed  to  study  the  deformations 
along  stirrups  in  reinforced  concrete  beams.  The  dial  extenso- 
meter  apparatus  was  used  for  measuring  these  deformations. 
The  sockets  sho'wn  in  Figure  3  were  placed  on  the  stirrup  when 
the  beam  was  made,  as  previously  explained,  at  the  desired  dis- 
tAnce  apart.  When  a  beam  was  to  be  tested,  dials  were  screwed 
into  the  upper  sockets  and  metal  plugs  into  the  lower.  To 
the  plugs  No.  32  covered  copper  wires  were  attached  which  were 
lead  up  around  the  drum  of  the  dial  and  held  taut  by  a  weight; 
Figures  28  and  29  show  how  the  beams  were  dimensioned  and 
reinforced.  The  circles  in  the  figures  show  where  these  plugs 
were  placed  in  the  beams.  Plate  V  shows  a  beam  with  dials 
attached  to  both  fop  and  bottom  sockets. 

Unfortunately  most  of  these  teats  failed  to  furnish  trust- 
fworthy  data  owing  to  faults  in  mixing  and  in  design.  The 
sttHie  used  in  making  concrete  for  the  bottom  of  these  beams  was 
too  lai^e  to  be  worked  around  the  rods  and  formed  in  pockets 
BO  that  the  bond  between  the  concrete  and  smooth  round  rods 
was  greatly  impaired.  As  a  consequence,  slipping  in  the  mid- 
dle portion  of  the  span  occurred  at  a  relatively  small  load,  and  a 
lai^e  part  of  the  stress  in  the  steel  was  carried  to  the  hooks  at 
the  end  of  the  rods  in  the  overhanging  end  of  the  beam  before 
it  was  transferred  into  the  concrete.  This  brought  about  an 
[61] 
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entirely  different  distribtttion  of  web  stress  from  that  ordin- 
arily encountered  and  caused  tension  cracks  to  appear  in  the 
tops  of  some  of  the  beams  over  the  supports.  In  most  of  these 
beams,  failure  occurred  due  to  slipping  of  the  rods  accompanied 
by  the  breaking  of  the  lower  comer  beneath  the  turned  up  por- 
tion of  the  rods.  Stirrup  deformation  readings  will  not  be 
given  for  beams  H  1  to  L  2.  Tables  XII  and  XIII  contain  the 
stresses  in  the  steel,  shearing  stresses,  and  bond  calculated  for 
this  series.  The  stress  in  the  steel  was  computed  by  formulae  (1), 


TABLE  XII. 

BSBiBi  G:     BiOTAKQULAR  Bbmu  H  1-H  2. 

BtTMs  in  Steel,  1.7o  per  cent.  BeiDforoement. 


.« 

Hazimum 
Load. 

Homent  at 

Mnzimum  Load 

iB.lba. 

Streasio 

StMl. 

lbB./in.« 

51,400 
W.IOO 
58,000 
57,700 
60,000 
66,200 
67,700 
65,200 
62,000 
37.700 
60,600 
60,200 

811,000 
«0,000 
018,000 
914.000 
960,000 

1,060,000 
914,000 
873,000 
822,000 
693,000 

1,107,000 
954,000 

32,800 

silooo 

33,200 

31,900 

L  S 

20,700 

M  8 

32,800 

Age  of  apecimena  38  daja. 

(2)  and  (3)  with  n^  10.  The  value  of  the  bond  is  calculated  by 
dividing  the  total  stress  in  the  steel  by  the  product  of  the  sum 
of  the  perimeters  of  the  rods  and  the  distance  from  load  to  end 
of  beam.  While  the  turned  up  bars  affect  this  quantity  mater- 
ially, the  results  may  be  of  empirical  value. 

Beams  M  1  and  M  2  were  reinforced  with  straight  corrugated 

bars  and  did  not  fail  through  bond  but  in  diagonal  tension.    In 

testing  these  beams,  dials  were  fastened  on  both  sides  of  the 

beam  at  points  A  and  B,  Figure  29,  and  plugs  placed  directly 
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below  at  a  distance  of  12  inches.  In  Figure  30  there  are 
four  curves  showing  deformations  in  stirrups  for  corresponding 
total  loads.  In  beam  M  1  crack  No.  1  occurred  at  a  load 
of  20,000  pounds,  cracks  Nos.  2,  3,  4  and  5  at  40,000 
pounds,  and  cracks  Noe.  6,  7  and  8  at  48,000  pounds.  The 
metal  in  the  third  stirrup  from  the  toad  scaled  in  crack  No. 
4.  After  crack  No.  8  opraed  up,  the  dials  on  both  sides  of 
the  beam  at  A  showed  a  decreased  reading  for  several  loads. 


TABLE  XIII. 
SiRinG:  Rkotahodlab  Biams  HI— MS. 
Rein  force  men  t — Bh»ariDg  Str«8SM— Bond. 


Rein  force  ment. 


At  Masin 


6,  {-inch  round  rods 

12,    -inch  round  stirrups 

■inch  round  rods 

inch  round  atirrupe  

inch  round  rods 

Incli  round  stirrupa 

inch  louad  rode 

Wire  Meshing  1-in.  meabNo.  11 


5,  f-inch  round  bars 

5,  f-inch  round  bars 

4,  ]-incb  Cor.  bars 

12,  ^inch  round  atirrupa . . 


51,400 
59,400 
58,000 
57,700 
60,000 
68,200 
57,700 

55,900 

52,000 
37,700 


It  will  be  noted  in  all  the  curves  that  Uiere  is  a  small  amount 
of  compression  induced  in  these  stirrups  before  the  concrete 
cracks.  This  disappears,  however,  as  soon  as  a  crack  appeajB  in 
the  vicinity  of  the  stirrup.  For  example,  in  the  test  of  M  2, 
there  was  a  deformation  of  .00025  of  an  inch  at  a  load  of  17,100 
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poiuidB;  at  the  next  load,  25,300  pounds,  craek  No.  1  ap- 
peared and  the  deformation  became  zero.  The  deformation 
then  beeame  tensile  as  shown  in  the  figure.  Stirrup  A  in  this 
beam,  however,  did  not  begin  to  stretch  until  crack  No.  2 
appeared  on  its  side  of  the  beam  at  a  load  of  36,000  pounds. 
Crack  No.  3  came  at  a  load  of  44,000  pounds  and  crack 
No.  4  at  50,000  pounds.  The  total  stretch  at  maximum 
load  of  stirrup  A  in  beam  M  1  was  .0019  inches,  in  Beam  M  2 
.0027  inches.  It  would  be  interesting  to  see  if  similar  results 
would  be  obtained  from  other  stirrups  further  removed  from 
the  load. 

5.    Wbb  Reinforcbment 

Prom  the  tests  of  Series  G,  especially  beams  M 1  and  M  2,  it 
seems  quite  evident  that  stirrups  are  not  stressed  with  a  tensile 
load  until  the  adjacent  concrete  is  cra<died.  The  compression  pro- 
duced in  the  cases  discussed  at  the  first  loadings  may  be  due  to 
the  proximity  of  the  stirrup  to  the  point  of  application  of  the 
load.  After  the  concrete  is  cracked,  they  carry  a  portion  of  the 
vertical  shearing  stresses  depending  upon  the  deformaiticMis  pro- 
duced in  them  by  the  opening  crack.  In  general,  then,  stinrupa 
are  a  factor  of  safety  against  rupture  due  to  an  overload. 

Formula  (10)  g  =  "^ — -  (see  page  88),  is  derived  on  the 
assumption  that  the  shear  is  constmit  between  loads  and  sup- 
ports, that  the  concrete  carries  no  diagonal  stress  after  it  is 
cracked,  that  no  bars  are  turned  up,  that  the  rods'  resistance 
to  being  bent  be  neglected  and  that  the  distribution  of  stress 
is  unchanged  after  the  crack  appears.  Whether  these  assump- 
tions are  correct  or  incorrect,  for  stresses  in  the  stirrups  be- 
low the  yield  point  of  the  metal,  is  a  matter  for  further  investi- 
gation. In  the  tests  of  beams  Gl,  G2,  Ml  and  M2,  the  stresses 
in  the  stirrups  ran  beyond  the  yield  point  as  indicated  by  the 
scaling  and  breaking  which  occurred;  see  Plates  VI  and  VII. 
The  results  in  Table  XIV  were  computed  from  formula  (10).  It 
is  quite  evident  from  the  computed  stresses  in  the  stirrups  that 
the  formula  gives  values  which  are  too  high.  In  the  beanu 
which  had  inclined  rods  a  ccmsiderahle  portion  of  the  diagonal 
[64] 
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teusion  was  taken  up  by  the  rods.  Perhaps  in  this  series,  where 
one-half  of  the  rods  were  turned  up,  as  much  as  one-half  of 
the  total  dia^nal  tension  was  transmitted  in  this  way. 

Tests  of  the  beams  with  strai^rht  rods  demonstrate  that  there 
is  a  large  error  in  the  two  assumptions  that  the  concrete  car- 
ries no  web  stress  after  it  is  cracked  and  that  the  resistaDce  to 
bending  of  the  reinforcing  hnrs  may  be  negleeted. 

TABLE  XIV. 
CkiMpcTKD  SrRHBSfa  IN  Stibrdps. 
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The  crack  sketches  Figures  8.  9.  10.  28,  and  29  and  the  Plates 
VI.  VII  and  VIll  throw  some  light  upon  this  problem.  It  will 
be  noted  in  nearly  all  these  sketches  that  the  fiist  diagonal 
cracks  opened  up  near  the  loading  points  while  those  near  the 
supports  did  not  appear  until  sometime  later.  The  cracks  do 
not  extend  to  the  top  of  the  beam  until  they  produce  failure. 
Then  some  of  the  web  stress  will  be  carried  by  the  uncracked 
concrete  and  some  bv  the  stirrups  going  through  the  crack.  As 
[68] 
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the  crack  tends  to  spread,  due  to  increased  loads,  the  atirrap 
will  take  more  and  more  stress.  Now,  if  the  amount  of  metal 
in  the  stirrups  be  small  so  that  they  alone  cannot  resiat  the 
vertical  shear,  they  will  be  stressed  beyond  the  yield  point. 
Then,  due  to  their  increased  deformation,  there  is  a  redistri- 
•bution  of  stress  in  order  to  maintain  equilibrium;  the  crack 
widens  and  more  downward  force  is  exerted  upon  the  main 
rods  whieh  try  to  tear  themselves  free  from  the  concrete.  This 
results  in  producing  the  commonly  observed  crack  running 
along  the  plane  of  the  rods.  Also  some  of  the  stress  in  the 
main  rods,  which  would  if  the  concrete  were  not  cracked,  be 
taken  off  as  diagonal  tension  by  the  concrete,  is  transmitted 
along  towards  the  end  of  the  beam.  This  is  followed  by  anotlier 
diagonal  crack  nearer  the  support  than  the  first,  and  the  same 
sort  of  adjustment  of  stresses  to  preserve  equilibriiun  again 
takes  place.  As  a  result  the  web  stresses  in  the  beam  are  par- 
tially taken  care  of  by  the  concrete  and  the  resistance  to  bending 
of  the  main  rods,  so  that  the  a.ssumptions  underlying  formula 
(10)  must  be  considered  when  deformations  in  the  web  are  suf- 
ficient to  produce  stresses  in  the  stirrups  beyond  their  yield 
point,  if  economy  in  stirrups  be  an  object  in  design. 

As  was  indicated  in  the  tests  of  the  series  of  1906,  distribu- 
tion of  web  reinforcement  is  an  important  consideration  in 
the  design  of  reinforced  concrete  beams  subjected  to  high  shear- 
ing stresses.  The  manner  in  which  the  cracks  appeared  in 
the  beams  of  the  present  series  only  serves  to  strengthen  that 
assertion.  It  is  noteworthy  fact  in  this  connection  that  the  wire 
meshing  used  gave  excellent  results  in  the  tests  and  was  easily 
handled  and  kept  in  plaee  while  the  beams  were  being  made. 
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INTRODUCTION 

Altiiough  the  " hydraulic  ram"  was  invented  over  one  hundred 
yeais  ago,  iia  design  has  never  been  put  upon  a  rational  basis. 
Because  of  this  fact  and  the  consequent  inability  of  designers 
to  forecast  the  performance  of  the  machine,  it  has  not  received 
the  attention  from  engineers  which  its  usefulness,  simplicity 
and  cheapness  should  demand  for  it.  Its  use  is  mostly  con- 
fined to  small  sizes,  and  it  is  still  considered  by  many  merely 
as  a  scientific  novelty  suitable  for  pumping  only  small  amounts 
where  efficiency  is  not  of  great  importance. 

Although  the  opportunities  for  using  rams  are  limited,  as  com- 
pared with  those  for  the  use  of  steam  pumping  engines,  never- 
theless there  are  many  cases  where  a  ram  could  be  employed 
for  lifting  water  with  a  very  material  saving  were  its  action  bet- 
ter undei-stood  so  that  engineers  and  manufacturers  might  ven- 
ture farther  beyond  the  boundaries  of  precedent  in  their  designs.^ 

Experimental  data  to  be  of  general  value  must  be  accompanied 
by,  and  correlated  with,  a  theoretical  investigation.  If  not,  the 
conclusions  drawn  can  only  be  assumed  to  ^ply  within  the 
usually  narrow  range  of  the  experiments  and  will  not  form  a 
safe  precedent  for  extending  the  size  and  range  of  usefulness  of 
the  machine. 

Although  the  action  of  the  ram  is  somewhat  more  complicated 


'  A  notable  exiimp:<  □(  a  compnrntlvely  lar^fe  bydrauKc  ram  far  municipal  anp- 
pl;  Is  that  nt  W«Bt  Dundpo.  III.,  nbli^Ii  bas  Buppllnl  a.  town  at  1.600  witb  water 
(or  about  twplve  years  at  a  total  operatlnR  coat  ot  only  a  few  dollars  for  the 
naewAl  of  valTea,  and  bas  required  praetleally  no  attentloD.  <See  the  descrip- 
tion by  the  deaiuner,  Mr.  D.  W.  Mead,  member  Am.  Soc.  C.  F...  Eng.  Bee,  44i 
174.)  Bams  ar«  also  advertised  for  wblcb  tbe  manufacturera  claim  deliveries  as 
lilKb  as  l.OUO.OOO  gallons  of  water  per  day. 
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than  that  of  other  piunps,  it  is  nevertheless  controlled  by  abso- 
lute mathematical  laws  which  can  be  derived  with  as  great  a  de- 
gree of  accuracy  as  that  with  which  the  original  assumption  can 
be  made  without  obtaining  irreducible  equations. 

It  has  not  been  possible  within  the  limited  time  at  the  dis- 
posal of  the  writer  to  cover  the  entire  field  of  InvestigatitHi 
which  was  originally  planned,  and  the  present  paper  should 
therefore  be  considered  as  a  preliminary  or  progress  report  hav- 
ing the  following  objects  in  view: 

1.  To  derive,  in  so  far  as  possible,  general  mathematical 
laws  which  shall  apply  to  all  single-acting  hydraulic  ram&'  under 
all  conditions  of  use. 

2.  To  show  that  these  formulas  are  justified  by  experimental 
data  in  so  far  as  the  data  thus  far  accumulated  apply. 

Acknowledgments  are  due  Mr.  A.  H,  Ayers  and  Mr.  C.  0. 
Brandel  for  valuable  assistance  in  the  wot^  of  observing  and 
in  the  analysis  of  data;  and  to  Mr.  J.  C.  Steen  for  help  in  the 
detailing  of  apparatus. 
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GENERAL  DISCUSSION 
Description  op  the  Typical  Hydrauuc  Ram 


A  typical  cross-section  of  a  single  acting  hydraulic  ram  i 
sbowit  ID  Figure  1. 


FiQ.  1. — TrpicAL  Hydbavlio  Ram, 

"Without  concerning  ourselves  at  present  with  the  cause  for 
this  actdoD,  let  us  assume  the  "  waste- valve "  W,  to  open  while 
the  water  in  the  "drive-pipe"  is  at  rest.  Water  will  at  once 
b^in  to  flow  down  the  drive  pipe  from  A  and  esc^e  at  W.  The 
rate  of  flow  will  increase  until  the  forces'  acting  upon  the  bottom 
of  the  valve,  due  to  causes  to  be  mentioned  later,  cause  it  to  close. 
Thereupon  the  pressure  will  suddenly  rise  in  the  drive  pipe  due 
to  the  effect  of  the  sudden  retardation  of  the  water,  a  phenom- 
enon known  as  water  hammer,  and  some  water  will  be  forced 


|9I 
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through  the  cheek  valve  into  the  air  chamber  even  though  the 
pressure  in  the  air  ehamber  greatly  exceed  that  due  to  the  head 
H.  The  cushioning  effect  of  the  air  in  the  chamber  serrea 
nearly  to  equalize  the  pressure  and  therefore  produce  a  nearly 
uniform  flow  from  the  ram  to  the  dischai^e  tank  at  ele- 
vatioD  B.  After  the  water  in  the  drive  pipe  ha&'  been  brought 
to  rest,  by  the  combined  action  of  the  opposing  forces  of  pres- 
sure in  the  air  chamber  and  friction,  a  reaction  (the  nature  of 
which  will  be  left  for  a  later  discussion)  opens  the  waste  valve 
and  another  cycle  of  events  begins.  A  ram  thus  utilizes  water 
power  to  pump  water  to  an  elevation  greater  than  that  of  the 
supply. 

Its  action  takes  place  in  two  entirely  distinct  stages.  During 
one  stage,  kinetic  energy  is  being  stored  in  the  drive  pipe  at  the 
expense  of  the  potential  enet^  contained  in  the  supply  water. 
The  drive  pipe  only  is  in  action,  and  its  function  is  that  of  an 
accumulator  of  energy.  This  will  be  called  the  "acceleration 
stage  or  period."  During  the  second  stage  the  water  in  the 
drive  pipe,  by  virtue  of  its  momentum  acquired  in  the  first 
stage,  serves  both  as  engine  and  pump  piston  to  force  water 
through  the  check  valve  into  the  air  chamber.  This  will  be 
called  the  "pumping  or  retardation  stage." 


Choice  op  Formuia  fob  Efpicienct 

For  the  presentation  in  this  paper  of  a  discussion  of  that  al- 
ready over- discussed  subject  of  "the  efficiency  of  the  hydraulic 
ram,"  the  writer  feels  that  he  owes  an  apology  to  the  engineer- 
ing public. 

We  would  much  prefer  to  assume  a  general  understanding  of 
the  subject  and  to  enter  at  once  into  a  discussion  of  new  theor- 
ies and  experiments,  relating  to  the  operation  of  the  machine 
in  question.  Inasmuch,  however,  as  there  are  now  in  use  two 
formulas  by  which  to  express  the  efficiency,  those  of  D'Aubuis- 
son  and  Rankine.  which  give  very  discordant  results,  and  as 
there  are  well  known  authorities  upon  hydraulics  who  still  adhere 
to  either  formula,  it  is  necessary  for  the  writer  to  choose  a  for- 
mula for  use  in  this  paper,  and  to  defend  the  one  chosen. 
flO] 
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The  two  formulas,  the  correctness  of  which  have  loug  been  in 
■dispute,  are: 

Rankine,  Em  =  ^4 

D'Aubuisson,  E^  =  Vr^^ 

IQ  +  ql  H 

-where  {see  Figure  1) : 

Q=water  wasted  through  valve  W. 

Q  =  water  pumped  from  the  supply  to  the  discharge  reser- 
voir, 
H  =  elevation  of  water  surface  in  supply  tank  above  the 
level  of  the  waste  valve, 
and  h  =  elevation  of  water  in  the  disdiarge  tank  above  the 
level  of  water  in  the  supply  tank. 


For  a  clear  understanding  of  the  basis  upon  which  the  two 
ionnulas  rest,  consider  Figures  2-7.  Figure  2  represents  a 
■water  turbine  drawing  water  from  the  head-race  A,  and  dis- 
-charging  it  into  tiie  tail  race  B.  The  turbine  is  belted  to  a  pump 
■which  draws  water  from  the  head  race.     The  turbine  uses  an 

["1 
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■amonnt  of  water  Q  per  unit  time,  and  the  pump  delivers  an 
amoimt  of  water  q  into  the  higher  reservoir  C.    The  efiSeiency 

of  the  two  machines  considered  as  a  unit  is  evidently  ^-,f. 

The  condition  represented  in  Figure  3  differe  from  that  in 
Figure  2  in  that  the  pump  draws  its  water  from  the  tail  race  B', 
and  the  total  flow,  Q  +  q,  must  pass  through  the  turbine.  The 
-efficiency  of  the  combined  machines,  in  this  case,  is  ?(Tj1"Th' 
BanMne's  formula  expresses  the  condition  in  Figure  2  and 
D'Aubuisson's  that  in  Figure  3.  In  both  cases,  however,  the 
initial  and  final  conditions  without  regard  to  how  they  were 
brought  about  can  be  represented  by  Figures  4  and  5,  respec- 
tively. If  line  B  is  datum  level,  then  Q,  in  Figure  5,  has  lost  all 
■of  its  energy,  and  the  ratio  of  the  final  to  the  initial  energies  is 
q(h  +  Hi 
tQ  +  q)H- 

Figures  4  and  5  illustrate  exactly  the  theorj-  upon  which 
D'AubuisBon 's  formula  for  the  efficiency  of  the  ram  is  based, 
and  if  this  theory  is  correct,  then  the  efficiencies  of  the  machines 
shown  in  Figures  2  and  3  are  equal,  since  the  initial  and  final 
conditions  are  alike  in  both  cases. 

Again  coDsider  the  condition  represented  in  Figure  6.  Sup- 
pose Q  =  100  pounds  and  is  just  able  to  raise  the  weight  of 
q  =  40  pounds.    Let  H  =  10  feet ;  then  h  ^^  20  feet,  and  the 

efficiency  of  Hie  machine  is  unmistakablv  1-  ^80  per  cent. 
The   ratio  of   final    to  initial  energy,  however,  is   i^ — —— ^  = 

Iq  1-  (jiU 

"iw^io"  ^  '*''-^^^-  ''''*'*^  t'^'s  ''*"^''  ^"'"^  of  *^<^  efficiency  of 
the  pully  system  is  inconsistent  will  be  evident  if  we  change 
the  initial  elevation  of  the  weight  q.  Suppose,  for  example, 
aiat  it  starts  from  the  elevation  20  feet   (shown  dotted);  the 

„.,„  of  final  ,„  initial  en.rt-y  i,  jij^^^^"-^  =  S  = 
89%  instead  of  85.8%.  Thus,  if  we  express  the  efficiency  of 
tiie  pully  system  by  the  ratio  of  final  to  initial  energy,  we  might 
obtain  an  infinite  number  of  values,  depending  upon  the  initial 
position  of  the  load  lifted,  and  each  having  as  good  a  claim  to 
[131 
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truth  as  any  other.  It  does  not  need  to  be  ai^ed  that  the- 
effieiency  of  the  pulley  system  in  ^^  =  80%,  which  is  the  same- 
regardless  of  the  initial  elevation  of  either  Q  or  q  and  has  no- 
definite  relation  to  the  proportion  of  the  total  original  potential 
ener^  which  is  conserved  by  the  machine. 

The  principle  illustrated  by  the  pulleys  is  general  and  ap- 
plicable to  all  machines.  Applying  it  to  the  choice  of  formulas- 
for  the  ram  we  must  ask  ourselves:  '(1)  Which  of  the  quanti- 
ties, q  or  (q+Q),  is  utilized  for  power?  (2)  Prom  what  in- 
itial elevation  is  the  quantity  q  raised?  For  answer  let  us  fol- 
low the  ram  in  its  operation.  The  waste  valve  opens  and  water 
wastes  until  a  certain  velocity  V  is  acquired.  During  this  time 
an  amount  of  water  Q  has  been  discharged,  and  the  water  q, 
which  is  to  be  pumped  by  tliis  stroke  is  still  in  its  initial  posi- 
tion in  the  supply  tank,  With  the  closure  of  the  waste  valve- 
the  machine  changes  its  nature  instantly  from  that  of  an  ao- 
cumulator  of  energj'  to  a  pumping  engine.  The  forces  tending 
to  pump  water  are  those  due  to  the  miwnentum  of  the  water  and 
to  the  supply  head  H.  Resisting  these  forces  we  have  those  doe- 
to  the  head,  H  +  h,  and  the  frietional  resistance  of  valve  and 
pipe,  or  H  +  momentum  ir^H  +  h  +  friction.  Thus  the  head 
n  cancels  and  the  machine  acts  merely  as  an  inverted  syphon 
with  the  momentum  of  the  water  balanced  against  the  resistanceB- 
and  the  head  alone.  In  fact  the  condition  during  the  pump- 
ing period  would  be  the  same  and  the  same  amount  of  water 
would  be  pumped  if  the  drive  pipe,  at  the  beginning  of  tiie 
pumping  period,  were  raised  to  the  upper  position  in  Figure  8, 
provided  both  pipe  lines  offered  the  same  resistance  and  the  same 
mass  of  water  were  in  motion  in  each  with  the  initial  velocity 
V. 

It  must  therefore  be  conceded  that: 

(1)  No  energy  is  accumulated  after  the  closing  of  the  waste 
valve,  and  hence  q,  which  is  at  rest  in  the  supply  tank  at  the 
time  of  closing,  does  not  contribute  to  the  work  done  upon  the 
machine. 

(2)  q  is  raised  from  the  elevation  A  and  not  from  B,  and 
hence  the  work  given  out  by  the  machine  is  qh  and  not  q(h+H). 

[14] 
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(3.  The  eflSciency  of  the  ram  is  therefore  ^  as  given  br 

Bankine,  and  the  condition  is  identical  with  that  in  Figure  2. 

It  is  not  to  be  assumed  from  this  discussion  that  the  writer 


intends  to  discard  the  use  of  the  function  V  -  ■  „   (by  wbat- 

ever  name  we  may  call  it)  as  worthless.  On  the  contrary  it 
is  a  very  useful  expression  for  comparing  the  results  obtained 
by   alternative  systems   for   disposing  of  the   original   energy 


(Q+q)H  of  the  stream.  On  the  other  hand  it  does  not  form 
a  fair  basis  for  the  comparison  of  the  results  obtained  by  the 
same  or  different  machines  imder  varying  conditions,  as  it  is 
a  function  not  only  of  the  mechanioal  efficiency  of  the  machine 
but  also  of  the  conditions  under  which  it  operates. 

"Without  agreeing  entirely  with  the  conclusions  drawn,  the 
writer  would  like  to  recommend  the  paper  of  A.  J.  Wood  with 
discussions  by  William  Kent  and  Theo.  Woolsey  Johnson  as 
very  instructive  on  this  subject.* 


IS  aieceni  tniUivi 
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Watbb  Hammer 

In  order  to  correctly  understand  the  action  of  the  hydraulic 
ram  it  will  be  neeeasary  to  review  the  laws  of  the  phenomenon 
of  "water  hammer."  Water  hammer  is  the  term  commonly 
Applied  to  the  sudden  rise  in  pressure  which  results  when  the 
flow  in  a  pipe  is  quickly  8tO]jped  by  the  sudden  closure  of  a 
valve.  It  is  closely  related  to  the  smaller  rise  in  pressure  due 
to  &  slow  closure  of  the  valve  and  to  the  fall  in  pressure  as  a 
valve  is  opened.  In  fact  any  change  of  velocity  is  accompanied 
by  a  change  in  preesure  whose  initial  sign  depends  upon  the  sign 
of  the  velocity  increment.  Jonkowsky  in  his  admirable  work 
of  lSd7-98'  found  the  maximum  water-hammer  pressure  which 
may  be  produced  by  the  sudden  closure  of  a  valve  to  be  given 
Ity  the  formula; 

where 

P^  water  hammer  pressure  (in  excess  of  the  static  pres- 
sure) in  pounds  per  square  inch. 
k  =  the  velocity  of  wave  motion  in  the  pipe. 
V  :=  the  extinguished  velocity  of  the  water, 
w  =^  the  weight  of  a  cubic  unit  of  water, 
g  =  the  acceleration  due  to  gravity  in  feet  per  second 
per  second. 
If  the  pressure  is  converted  into  head,  then 

g 

The  value  of  A.  as  derived  by  Joukowsky  is 


\/i 


'  Joukon*kj.  X..  Cber  ilcn  Hif((niuH<ofien  S(u>«  in  WaticrlflluttgirShrea  Id 
AiHt.  Imp.  Aaad.  fid.  o/  St.  Peleriburg.  Oi  S.  <Publl>h«d  In  RuaalaD  sad  Oct- 
n>D.)     Ad  eicelleot  ijaopiU  of  tblg  irork.  bf  O.  SlmlQi  may  be  fouDd  In  the 

Tmiu.  at  tM  Amer.  WaUrKortit  Attn,  of  /fWi. 
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K  =  the  volunmar  modulus  of  elasticity  of  water  (about 

294,000-300,000  pounds  per  square  inch), 
d  =  diameter  of  the  pipe. 
e'=^thicknesa  of  the  pipe  walls. 
E  =  modulus  of  elasticity  of  the  material  of  the  pipe. 
If  W  is  expreased  in  pounds  per  cubic  foot, 
K  in  pounds  per  square  inch, 
g  in  feet  per  second  per  second, 

d  in  inches, 

e  in  inches, 

E  in  pounds  per  square  inch,  and 

A  in  feet  per  second  then  (3)  becomes 


12 


(4) 


i/^i(-lc+.-4) 

and  varies  from  about  3,000  to  4,700  for  ordinary  sizes  of  pipe. 
Joukowsky  verifies  these  formulas  both  by  deductive  mathe- 
matical reasoning  and  by  experiment. 


1 Ji 1 ' 

if' 

•J 

—  7f 

Fio.  9. 

Let  Figure  9  represent  a  pipe  through  which  water  was  flow- 
ing cady  a  moment  ago  with  a  velocity  V.  Suppose  the  gate  B 
to  be  instantly  closed  as  in  the  figure.  The  entire  colnmn  of 
water  will  not  be  brought  to  rest  at  once,  due  to  the  elastic!^ 
of  the  pipe  and  water.  The  layer  of  water  immediately  ad- 
jacent to  the  valve  B  is  first  compressed  and  the  pipe  expanded. 
This  process  follows  with  each  elementary  layer  in  succession 
2  [17] 
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from  the  gate  to  the  reservoir,  thus  having  the  nature  of  a 
pressure  wave  running  along  the  pipe  with  velocity  A.  The 
water  to  the  right  of  C,  the  front  of  the  wave,  continues  to  flow 
toward  the  gate  with  its  initial  velocity  V.  The  hydraulic 
gradient  is  shown  1^  the  line  I)  E  0  A.  When  C  finally  reaches 
the  supply  reservoir  the  entire  column  of  water  is  under  a 
uniform  pressure  higher  than  the  supply  head,  as  shown  by  the 
hydraulic  gradient  D  £  J  A,  Figure  9,  and  is  at  rest  This 
condition  evidently  cannot  continue.  The  result  is  that  the 
layer  adjacent  to  the  reservoir  expands  at  once  to  normal  volume 
and  the  pipe  surrounding  it  contracts,  thus  giving  to  this  layer 
of  water  a  velocity  V  toward  the  supply  reservoir.  The  next 
layer  follows  and  so  on  until  the  pressure  is  reduced  to  the  ori- 
ginal pressure  throughout  the  pipe  and  the  water  all  has  a 
velocity  V  toward  the  reservoir.  This  flow  of  the  water  from 
the  gate  tends  to  vacate  the  pipe  near  the  gate  and  thus  rarefies 
the  water  here.  This  negative  pressure  wave  then  follows  the 
same  cycle  as  outlined  for  the  higher  pressure  with  a  corres- 
ponding hydraulic  gratient  shown  by  line  D'  E'  G  A.  This  wave 
continues  to  traverse  the  pipe  backward  and  forward  until  its 
energy  is  dissipated  through  friction.^ 

The  writer  will  not  review  the  derivation  of  formula  (3) 
in  this  paper  but  would  like  to  propose  a  new  derivation  for 
formula  (1)  based  upon  principles  more  directly  applicable 
to  the  case  in  hand.  Joukowsky  derives  this  fomuila  by  two 
methods.  One  method  is  based  upon  the  principle  of  the  con- 
servation of  energy  and  the  other  upon  tiie  equality  of  the  vol- 
umes of  the  floit^'  in  the  pipe  for  a  time  At  and  the  space  to 
be  filled  by  this  flow  due  to  expansion  of  the  pipe  and  com- 
pression of  the  water  in  a  length  Al  of  pipe. 

The  method  the  writer  wishes  to  propose  is  based  upon  the  prin- 
ciple of  acceleration  and  retardation  of  mas&es  by  applied  forces. 
Church*  has  studied  from  this  standpoint  the  effect  on  the 
pressure  in  a  pipe  due  to  closing  a  valve  very  slowly  at  a 
uniform  rate   and   also  at   variable  rates.     The   equations   are 

Tor  R  [urUipr  illscuwilon  or.  this  prixTss  we  tlic  article  liy  O.  Slmln  Id  the 
7ToB».  Am,  W.  IT.  Att'H,  /»(.  pp.  a."i3-361. 
>Ji,ur.  F--ank.  In-I..  12»i  a'Mi.  .174. 
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too  complicated  for  &  general  solution,  but  he  gives  graphical 
solatioBB  of  particular  cases.  In  his  analysis  he  neglects  the- 
elaflticity  of  the  water.  This  can  be  safely  done  for  slow  clos- 
ures only,  as  will  be  seen  by  the  following  analysis. 

Let  M.eqaat  the  mass  of  water  to  be  brought  to  rest  from  an 
initial  Telocity  V  by  force  P  then  (with  a  rate  of  retardation 
a)  we  have 

F  =  Ma.  (5) 

The  force  P  which  retards  tiie  water  is  equal  to  the  excess  of 
unit  pressure  in  the  pipe  at  the  end  over  the  static  pressure 
multiplied  by  the  cross-seeticmal  area  of  the  pipe.  Whai  the 
valve  is  instantly  closed,  were  it  not  for  the  elasticity  of  the 
water  and  pipe,  the  velocity  V  would  be  extinguished  in  zero 
time  and  therefore  a  =  oo  hence  P  :=  aj  and  also  P  =  oo .  In 
reality  the  pressure  P  is  limited,  for  the  initial  velocity  T  can- 
not be  extinguished  in  less  time  than  required  for  a  wave  to 
traverse  the  pipe=       .     Only  one  elementary  layer  of  water 

is  brought  to  rest  at  cC  time,  and  the  maximum  rate  of  retarda- 
tion is  therefore, 


Substituting  in  (5) 


the  same  [see  oepiation  {!)],  as  obtained  by  Joukowsky  by  other 
methods.  Here  l=length  of  pipe,  and  A=area  of  croaa- 
section  of  pipe. 

This    pressure    amounts,    for    ordinary  pipes,   to    about    60- 
pounds  per  square  inch  for  each  foot  of  extinguished  velocity. 
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"WliOTe  the  velocity  ia  very  slowly  ertinguislied  the  elastidty 
of  pipe  and  water  has  a  very  Blight  effect  upon  the  pres- 
aare.    The  gaieral  formulas  for  all  cases  are, — 


F   =PA. 

"  -iff  " 

dv      ir 

^  =  jX  (acceleratioE  head)  (7) 

where  3^  is  (for  any  particular  pipe)  a  function  of  the  law 
and  rate  of  closure  of  the  valve,  but  can  never  be  greater  tiuun 
A,  even  though  the  valve  close  in  zero  time. 

It  will  be  seen  as  we  proceed  that  the  analysis  of  each  stage 
<A  operaiioa  of  the  hydraulic  ram  is  an  application  of  formula 

m. 
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THEOBETICAL  ANALYSIS 

For  ooDTenienee  of  reference,  the  meaniugs  of  the  eyjobcHa 
vaed  in  this  analysis  are  ^ven  in  an  Index  to  Nomenolatare  at 
the  end  of  the  paper,  aod  are  therefore  omitted  here. 

The  two  principal  periods  of  operation  of  the  ram  are: 

1.  The  accomulation  of  kinetic  energy  at  the  expense  of 
the  potential  energy  of  the  supply-water  while  the  waste  valve 
remains  open. 

2.  The  transformation  of  this  kinetic  enei^  into  potential 
enei^  in  the  form  of  water  pumped  while  the  waste  valve  ii 
closed. 

The  former  is  a  problem  of  acceleration  tinder  the  inflnenoe 
of  applied  forces;  the  latter  a  problem  of  retardation. 


First  or  Accblbration  Fbbiod 

The  condition  during  the  first  period  is  illustrated  in  Figoie 
10.  The  check  valve  is  closed  and  water  is  Sowing  from  the  waste 
valve  with  increasing  velocity.  The  head  h,  is  that  neceassry 
to  discharge  the  waiter  through  the  waste  valve,  as  throngh  an 
onfice,  and  is  therefore  increasing  as  the  water  in  the  drive-pipe 


The  velocity  of  discharge  from  the  waste  valve  equals 

Hence 

q,  =  cat  v'Sgh,  =  A», 


and 


h,  = 


■2k" 


The  entrance  loss  =  m,  -  - 

[81] 
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Fio.  11. — The  Bam  Ddbiho  Ritabdatiok. 
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The  loss  of  head  due  to  friction'  in  the  drive  pipe  is   f  -  .  -', 

The  loss  due  to  elbows  and  other  obstructions  ^  m,  — . 

2g 
The  unbalanced  head  which  is  accelerating  the  water  at  any 
instant  is  therefore  the  difference  between  the  supply  head  and 
the  losses  from  all  causes,  or 

H-  („,  +  ,i  +  „.+^^+,,o.)?^. 
Therefore, 

accelerating  head  =  H  —  mv* 
where 

m=  (cD.+m.  +  fJ  +-^-!j  +  etc.)^-  (8a) 

The  force  produced  by  this  head  acting  upon  the  area  A  is 

P  =  Aw(H  — mv'). 
The  mass  of  water  to  be  accelerated  is 

The  acceleration  is 


which  may  also  be   obtained   from   the   geiienil   eijuation    (7) 
directly.     Separating  the  variables  t  and  v,  we  have 


:S:. 


2er mH  ^  . 

1 

Solving  equation  (10)  for  v,  we  have 
/H     ei'  ^  I 

■S««  Mfrrlmnii'i  Trcatlte  on  HudranUiM.  p.  208. 
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It  will  be  noticed  that 

•  =  p/^f  ni.) 

is  the  equation  for  the  maximum  capacity  of  the  pipe  obtained 
by  the  ordinary  method'  and  that  (e"  —  l)/{e'*  + l)approaoheB 
unity  as  t  approaches  infinity. 
Thus   the  velocity    continues    to    accelerate    and    approaoh 

,  /5  as    a    limit.       Although    the    maximum    value    ,  /  5» 
1/    m  1/    m 

is  theoretically  never  reached,  yet  it  is  practically  reached  in  a 
few  secfaids. 

The  water  wasted  in  time  t  is  proportional  to  the  distauoo 
8  moved  by  the  water  column  in  the  drive  pipe.     To  find  s  put 
_  ds  _      /H    e"  —  1 
'       dt      ]/    m  '  e"  +  l' 

and 


/H 

1/    m 


[jlog.(l  +  e»)-t-i 


Integrating 

8  =  y/^  [jlog,a4-e")-t-ylogel], 


(U> 


Since 

logs  N=  2.3026  loK„N, 
then 

.=  ^/5[L»5?,.,..(L±^)-.]. 

The  kinetic  energy  which  has  been  acquired  by  the  water  in 
the  drive  pipe  at  any  time  is 
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The  potential  ener^  espeoded  to  produce  this  kinetic  energy 


The  efficiency  is  therefore  the  quotient,  or 

where  V  is  obtained  from  (11)  and  3  from  (13).    This  exprea- 
Bion  may  be  called  the  Efficiency  during  the  Acceleration  Per- 


Closurs  of  Waste  Vai^vb 

Strictly,  the  second  period  should  begin  at  the  instant  that 
the  velocity  in  the  drive  pipe  ceases  to  accelerate  and  begins  to 
retard.  The  instant  at  which  this  happens  ia,  however,  indef- 
inite unless  we  first  know  the  maximum  veloi^ity  attained. 
It  oceuiE,'  some  time  during  the  closure  of  the  waste  valve  but 
not  at  the  beginning.  Until  the  waste  valve  begins  to  close,  m 
is  ctmstant.  [See  equation  (8a)].  As  a,  the  area  of  waste 
valve  opening,  begins  to  decrease  in  closing,  m  b^ins  to  increase. 
This  causes  the  rate  of  acceleration  to  decrease  {the  velocity, 
however,  continuing  to  increase)  until  it  eventually  becomes 
equal  to  zero. 

Thus  the  masimiun  velocity  is  reached  when 

dv 

^  -=  0  io  eijuatioD  (9j, 


-        /H 
1/   E 


Thus  the  velocity  v  ceases  to  accelerate  at  the  instant  that  the 

waste  valve  reaches  a  positicm  such  that  the  resistance  of  tti« 

pipe  and  waste  valve  together  is  sufiScient  to  make  Y  the  maxi- 
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mum.  velocity  attainable  with  conditions  of  uniform  Sow  under 
head  H.     [See  equation  (lla)]. 
Prom  (8a) 

hence 


-(.,  +  lj 


■.). 


And 


-(«,  +  !-,+  «,)- 


It  will  be  observed  that 


represents  the  friction  and  other  losses  in  the  drive  pipe.     The 
quantity  under  the  radical  is  therefore  hj  or  the  head  on  the 
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DiaobaU  .  I. — Sbowikc    the    Stage    Dibino    Closdre   of   thi   Wash 
Valve  at  Which  the  Velocity  Ceases  to  Ikcbease  and  BEama  TO 

Decbeabes. 
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vaate  valve  coDsidered  as  an  orifice.     [See  equation  (8)  and 
Figure  10.]     Substituting  we  get 


which  is  the  area  of  orifice  required  to  discharge  the  maximum 
flow  through  the  drive  pipe.     Therefore,  where  V  is  small,  the 


Fio.  12. 


■waste  valve  is  nearly  closed  before  the  velocity  ceases  to  accel- 
■erate  and  begins  to  retard. 

The  cune  in  Diagram  I  was  computed  from  equation  (17) 
for  the  conditions  given  on  the  curve.  The  points  shown  were 
experimentally  determined  by  measuring  the  maximum  flow 
-through  the  pipe  with  the  waste  valve  fixed  at  various  openingt 
AS  shown, 
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The  differential  equation  which  represents  the  change  in 
velocity  during  cloeure  is  rather  complicated  and  depends  npcm 

the  rat«  and  law,  (r  -    %)  >    o£  vaJve  closure.     It  may  be 

expressed  as  follo^'K;     See  equation   (9). 

where  m,  v  and  t  are  all  variables. 
Now 

dv       dv        da,        dv 

dt       tlav  ^    dt         da  •^ 
and  R  is  coostant  only  when  the  valve  cloees  with  a  nnifomt 
velocity. 
Hence 

''d^.  =  'T'>'-^J»,+,..  +  .i+,4^],M.  (18, 

The  complete  eur\'e  of  v  and  t  is  about   like   tiat    shown    in 
Kgure  12  where 

X  =  point  whore  naate  valre  begina  to  close, 

y  =  point  where  v  =  V  ==  -.  /  5- 
and 

Z  =  point  of  complete  closure  o(  waste  Vake. 

Second  PiauoD,  Bbt.\rdation 

Because  of  the  complicated  form  of  the  equation  which  ex- 
presses the  slope  of  the  curve  beyond  the  point  X,  it  wiU  be 
convenient  to  assume  that  the  waste  valve  closes  instantly  with- 
out loss  of  velocity. 

Now  it  will  be  necessary  for  the  velocity  in  the  drive  pipe  at 
the  time  of  closure  to  exceed  a  certain  fixed  amount  before  any 
water  will  be  pumped.  This  critical  velocity,  upon  the  assump- 
tion of  instantaneous  closure,  will  be  that  velocity  which  will 
produce  a  water-hammer  head  just  equal  to  the  pumping  head. 
From  equation  (2)  this  velocity  will  be 

^.  =  «^. 

which  for  the  drive  pipe  in  use  amounts  to  one  foot  decrease 
[88] 
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in  velocity  for  each  136,3  foot  pumping  head.     (See  p^e  208). 

When  V  exceeds  this  critical  value,  it  must  be  instantly  re- 
tarded by  an  amount  sufficient  to  overcome  the  pumping  head 
sad  the  initial  friction  head  through  the  cheek  valve  and  also 
the  friction  loss  in  the  drive  pipe  for  the  initial  velocity  of 
flow  in  the  drive  pipe  after  closure  of  the  check  valve. 

It  was  found  by  actual  measurements,  which  will  be  described 
later,  that  the  loss  of  head  in  the  check  valve  varies  as  the  first 
power  of  the  rate  of  flow  through  it.  This  rate  of  flow  is  pro- 
portional to  the  velocity  v  in  the  drive  pipe  and  hence 

the  check  valve  loss  =  c'v, 
where  c'  is  an  experimental  constant,  the  value  depending  upon 
the  check  valve  used.    Hence 

^(V-V)  =  h  +  c'v'+mT'.  (19)* 

Solving  for  v'  we  have 

/7 


-(=• +))!/(=:  ^f)"+'"ii-!i^). 


(») 


Expanding  the  radical  into  an  infinite  series  to  make  the  com- 
putation of  v'  more  simple,  we  have 


'(='+n    (« 


,  +6tc.  (81) 


Now  it  is  found  that  in  reality  hiv"  may  be  neglected  in  equa- 
tion (19)  without  appreciably  affecting  the  value  of  v'.  Omit- 
ting this  term  and  solving,  we  get 

*V-h 

'   e 
which  is  identical  with  the  first  term  in  (21), 

■Tha  MsSeteDt.  m.  (or  tha  retardation  period  ia:m  =  (l  +  mi  +  mi  +  ^  jf^i' 
Tha  tami.  I,  l»  Inwrted  Iwoacute  praatleallj  noae  ot  tba  Tslooitr  iiaad  would  ba  rosoT- 
•sred ;  it  takei  tha  plaoa  or  -r-j  tor  the  aacelaratloD  pariod. 
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-r  g    .K 

This  instaDtaueous  drop  (V-v')  in  v  is  represented  in  Figure 
12  by  Z  W. 

Assuming  now  that  the  waste  valve  has  closed  and  the  velocity 
has  been  reduced  from  V  to  v'  in  order  to  create  a  pressure  of 
h  +  h',  we  will  consider  the  forces  acting  upon  the  column  of 
water  in  the  drive  pipe.  The  only  head  tending  to  accelerate  the 
water  is  the  head  H.  The  heads  opposing  this  acceleration  are 
H,  h,  c'v  and  mv'.  The  11 's  cancel  and  leave  a  retarding  head 
of  h  +  c'v  +  lllv^  From  the  general  equation  of  acceleration 
and  using  a  negative  sign  to  indicate  retardation,  we  have 


dt 


:  ^-L  (h  +  oV+  mv'l,  (24) 


This  function  has  two  integrals  depending  upon  the  value  of 
the  discriminant  (c"-4mh). 

Case  I: — (Low  Heads),  when  c"  >  4mh 
The  integral  of  equation  (25)  gives 

1  2m?  +  C  —  Vc"  —  Imh 

t  =  -  r-  Inge +■  C, , 

gic'— 4n)h  2mv  +  c'  +  ►'c'  — 4mh 

where  C,  is  a  constant  of  integration.     To  determine  Ci  sub- 
stitute the  simultaneous  values,  t  —  0  and  v  =  v',  obtaining : 

Substituting  tlie  value  of  Ci  tlius  found,  we  have ; 

I    ,        ,  2rov'  -^c-  -  D       2mv  +  c'   ^  D  \ 
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2mv '  +  b 

2mv'  +  a  ~ 
Substituting  in  (27),  we  have 

,     .,       Smv  4-  b 
=  ^       .    ■ 

and  solving 

I       ake-  ■  -  b  _  d< 
"  ~  ~  Bm   ■     ke"  -  1   -  dt'  '"" 

Int^rating  again : 

8  =  --  2^  [bt  -  ^  loge  11  -  ke")]  +  C,. 

Putting  s  ^:  0  when  t  ;^  0,  we  determine  the  constant  of  in- 
tegration, 

C,  -  ~^:log.(l^kf. 

Simplifying, 

D  ,       1-ke"      bt  ,--, 

The  total  water  pumped  into  the  air  chamber  will  be  propor- 
tional to  the  total  distance  S  traversed  by  a  cross-section  of  the 
water  column  in  being  brought  to  rest.  To  find  this  time  T, 
required  to  bring  water  column  to  rest,  put  v  ^^  0  in  equation 
(26),  obtaining  after  simplification: 

T.ijlcg.^"-.  (30, 

Substituting  this  value  of  T  in  equation  (29)  we  have: 

„         1    ,       2niT'  +B         bl     ,         b  _,, 

S  =  ^  Iorb —  —  5 r,  loge  i —  ■  l31t 

mg  a  2mgU    *    ka 

The  quantity  of  water  pumped  will  be  A  S  w  and  the  energy 
recovered  will  be  A  S  w  h.     The  kinetic  energy  from  which  this 
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was  derived  is    "^^Y!.      The  efficiency  during  the  retardation 
period  is  therefore  the  quotient,  or 

Case  II: — (High  Heads),  when  4mh  >  c'" 

Assuming  equati<m  (25)  which  applies  to  both  eases,  we  have 


Integrating 

1 
e 

gh  +  c 
2 

2mv  +  C 
jrmining  Cj 

r  +C.. 
by  the  eo 

-]• 

=  D'  and  det< 
=  0,  we  get 
,  2mT'  +c- 

Uallmg  i/iaxh—c* 
that  V  =  v'  when  t 

Let 

uditioD 
(33) 

Take  the  tangent  of  both  members  of  (33)  and  solve  for  v  witii 
the  result  that 

_  V  f  u-taafft  A       C    _  da 

2in\l  +  Litan/3t/      2m       dt"  ^    ' 

Integrating  and  determining  Cj  by  the  fact  that  s  =  0  whwi 
t^O  (hence  C,  =0}  we  obtain 

To  determine  T,  or  the  time  required  to  bring  the  water  col- 
umn to  rest,  put  V  =  0  in  (33)  and  simplify,  obtaining: 


From  (35) 

3  =  -X|oge(CO«/JT4 
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This  fonoula  may  be  expressed  thus: 

although  nothing  is  gained  by  using  this  form  of  the  cxpressioiL 
The  eflScieney,  as  for  Case  I,  is 

Case  III: — (Neglecting  mv') 

An  approximate  formula,  applying  to  all  heads  and  giving 
results  which  differ  for  the  economical  velocities  by  only  a  few 
per  cent,  from  those  obtained  by  equations  (31)  and  (37),  (for 
S),  may  be  obtained  by  neglecting  the  friction  and  other  v" 
losses,  thus  obtaining  from  equation  (25) 

(39) 


and 

''*=-«-b-T 

When  t  = 
hence 

0, 

t=  -   -_'-logelh- 

v  =  v', 

and 

c>    =h'. 

Therefore 

-^'-^ 

Solving 

(40)  for  V  and   letting  r 

we  have: 

_  h  +  h '  -  h. 

Integrating  (41)  we  obtain: 
h  +  h- 


=  0,  s  ^  0,  hence 


C» 


.  b  +  b 


3  [3y] 
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and 


_(h  +  V),, 


Putting  v=M>  in  (40),  we  get  the  time  T  required  to  extinguish 
the  entire  velocity: 


Hence  from  (42),  when  t  m  T,  mav  be  readily  derived: 

Again 

-  aa  for  Caget  I  aod  //.     (32) 


_2g8b 


Case  IV: — The  fact  that,  in  the  experimental  ram.  to  be 
described  later,  the  loss  of  head  due  to  the  check  valve  varies 
as  the  first  power  of  v  is  probably  due  to  the  unusual  ctmstruo- 
tion  of  the  valve.  It  is  probable  that  it  will  more  commonl? 
vary  as  v',  and  we  shall  therefore  derive  equations  for  its  con- 
dition. These  equations  may  be  obtained  by  assuming  the  ori- 
ginal differential  equation  to  be  of  the  form 


where 


;   h  +  M»« 


M-(l"  +  ('  +m,+iD.  +  m')   ' 


(45) 


and  the  new  term   lu'   represents  the  coefficient  of  loss  through 
the  check  valve.    The  result  desired  may,  however,  be  more 
easily  obtained  by  making  c'  =  0  and  m  =:  M  in  the  previotis 
equations  for  Case  II,  thus  obtaining,  after  simplification; 
from  (34) 

.'  ,/«-.„ Si'""'! 
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from  (36) 


from  (38) 
and  from  (20) 


l»8M/l  +  "i--  W 


2M 

The  general  form  of  the  v-t  curve  during  the  second  period, 
after  the  imtial  sudden  decrease  (Z  W)  in  v,  is  shown  in  Fig' 
ore  12  by  line  W  0'. 


Efficiency  of  the  MiciiiNB  or  Total  EpFiciENcr 

The  efficiency  E  during  the  acceleration  period  expresses  the 
proportion  of  the  original  potential  energy  of  the  waste  water 
which  is  concerted  into,  and  is  therefore  available  as,  kinetic 
energy  for  pumping  water  in  the  second  period.  The  difference 
between  this  and  the  original  energy  is  dissipated  by  friction 
in  the  drive  pipe  and  converted  into  the  useless  kinetic  energy 
of  the  water  as  it  flows  from  the  waste  valve. 

The  efficiency  E'  during  the  retardation  period  expresses 
the  proportion  of  the  useful  kinetic  enei^y  acquired  by  the 
water  in  the  first  period  which  is  conserved  in  the  form  of  oae- 
ful  work  done  in  raising  water  to  the  height  h  in  Ae  second 
period. 

The  efficiency  of  the  machine  is  therefore  equal  to  the  pro- 
duct of  the  efficiencies  obtained  during  the  two  periods,  or 

Em  =  EE'  (*9a> 

Opening  of  the  Waste  V,\i,ve 

Figure  11  shows  the  condition  existing  in  the  drive  pipe  dup- 
ing the  retardation  period.    The  waste  valve  is  closed;  the  check 
valve  is  open  and  water  is  flowing  through  it  into  the  air  cham- 
[35] 
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ber.  The  hydrcetatie  pressure-head  in  the  water  below  the 
check  valve  is  equal  to  the  sum  of  pumping  head,  supply  head 
and  friction  head  through  the  check  valve.  The  hydraulic 
gradient  when  the  velocity  is  v  is  shown  in  the  figure  by  line 
A'  D.  As  the  velocity  is  gradually  extinguished,  the  point  D 
falls  toward  C,  and  at  the  instant  when  the  velocity  becomes  0 
the  gradioit  is  shown  by  the  line  AC.  At  this  instant  the  water 
is  in  a  compressed  condition  and  the  pipe  is  distended  due  to 
the  excess  of  pressure,  varying  from  0  to  h,  above  the  supply 
pressure,  and  the  condition  is  the  same  as  during  the  compres- 
aon  wave  discnssed  in  connection  with  water  hammer  (eee 
Figure  9)  except  that  the  excess  of  pressure  above  the  supply 
pressure  is  not  equal  at  all  points  along  the  pipe.  This  condi- 
tion is  obviously  unstable  and  results  in  an  expansion  of  the 
water  tt^ther  with  a  contraction  of  the  pipe  to  normal  size 
and  a  consequent  slight  Sow  of  water  back  into  the  supply  tank. 
Were  the  waste  valve  to  remain  shut,  we  should  thus  obtain 
alternate  compression  and  rarefaction  waves  until  the  wave 
enei^y  would  be  gradually  dissipated  by  friction.  The  first 
rarefaction  wave,  however,  opens  the  waste  valve  and  starts  a 
new  cycle  of  events. 


Closing  of  Waste  V.vlve 

The  waste  valve  closes  due  to  three  influences : 

(1)  The  hydrostatic  pressure  against  the  bottom  of  the  valve 
disk. 

(2)  Impact  of  the  water  against  the  valve  disk  in  discharging. 

(3)  Frietional  force  exerted  by  the  discharjrinp  water  upon 
the  valve. 

The  writer  believes  the  first  cause  to  be  by  far  the  most  im- 
portant at  lea.st  in  the  case  of  this  ram.  Figure  10  sliows  the 
condition  at  the  instant  after  the  waste  valve  has  opened.  The 
hydraulic  gradient  has  instantly  fallen  to  the  position  AB°,  the 

111'  lo  nii«iiliu(.  causps 
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pressure  bead  being  zero  at  the  waste  valve  and  iDcreasmg  uni- 
formly toward  the  supply  tank.  As  the  water  in  the  drive  pipe 
accelerates,  the  pressure  must  rise  at  B  in  order  to  discharge 
the  increasing  flow  of  water  through  the  valve  opening  as  tbou^ 
an  orifice.  The  hydrostatic  pressure  thus  produced  on  the- 
under  side  of  the  valve  is  only  partially  balanced  from  above,, 
and  the  result  is  an  ultimate  increase  of  pressure  until  the  valve- 
begins  to  close.  Once  started,  the  pressure  increases  more- 
rapidly,  due  to  the  resulting  water-hammer  pressure,  and  the- 
tendency  is  to  rapidly  accelerate  tiie  valve  until  it  is  stopped 
by  impact  against  its  seat.  An  aub^rapbie  record  of  a  waste 
valve  action  taken  from  the  "Rife  Hydraulic  Engine  No.  20" 
is  shoTTO  below  in  Figure  13. 


Effect  of  the  Assumptions 

Several  assumptions,  only  approximately  true,  were  mad& 
in  the  foregoing  analysis,  the  effects  of  which  will  now  be  con- 
sidered. 

In  assuming  that  the  waste  valve  closes  instantly,  thus  con- 
serving the  entire  kinetic  energy  resulting  from  the  maximum 
velocity  of  water  in  the  drive  pipe,  we  are  increasing  the  theore- 
tical efBciency  of  both  cycles  above  what  could  be  obtained  by 
experiment. 

Referring  again  to  Figure  12,  we  see  that  the  velocity  of  the 
water  accelerates  durmg  a  part  of  the  closure  of  the  valve.  It 
will  be  observed  that  b=  C  vdt  and  that  this  expression  is  also 
equivalent  to  the  area  bounded  by  the  curve  OX,  the  t  axis  and 
any  ordinate  at  point  t.  The  area  of  this  figure  ia  therefore 
proportional  to  s,  which  is  again  proportional  to  the  water 
wasted. 
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At  X  and  X'  the  waste  valve  begins  to  cloae,  and  tlie  rate 
of  acceleration  of  the  water  begins  to  decrease  more  rapidly 
■imtil  the  maximum  velocity  V  is  reached  at  Y  and  T'.  The  energy 
•expended  in  generating  the  increment  of  velocity  from  X  to  T  ia 
proportionaJ  tothe  area  of  the  figure  X'  Y'  Y"  X".  Had  the  waste 
valve  remained  completely  open,  this  increment  of  velocity 
would  have  been  obtained  by  wasting  an  amount  of  water  pro- 
portional to  the  area  X'  U'  U"  X".  It  is  evident  that  this  de- 
crease in  efficiency  during  the  acceleration  period,  due  to  waste 
valve  closure,  can  be  made  smaller  by  a  more  rapid  closing  of 
the  waste  valve  because  of  the  decrease  that  this  will  bring  abont 
in  the  ratio  of  the  area  U'  T'  Y"  U"  to  the  total  area  of  the  curve 
O'Y'T". 

I>uring  that  part  of  the  eloeure  from  Y  to  Z,  a  portion  of  the 
maximum  velocity  V  is  extinguished  with  some  ^waste  of  water 
and  without  pumpage  and  hence  reduces  v'  below  that  ^vm 
in  the  formula,  thus  aflfecting  the  result  in  the  pumping  period 
also. 

In  computing  the  instantaneous  loss  (ZW,  Figure  12)  of  velo- 
city necessary  to  raise  the  pressure  up  to  the  initial  pumping 
pressure  b'  no  account  was  taken  of  the  effect  of  this  sudd^i 
rise  in  producing  a  vibratory  pressure  wave  throughout  the 
length  of  drive  pipe,  thus  consuming  energy  and  doubtless  re- 
ducing the  efficiency.  This  can  not  readily  be  expressed  quanti- 
tatively from  a  theoretical  standpoint,  and  more  experiments 
are  needed  before  conclusions  can  be  drawn  from  them. 

Another  assumption  which  was  made  in  the  forgoing  analysis 
and  wboee  effect  on  the  relative  efficiencies  is  uncertain  is  tbat 
the  pumping  head'h  remains  constant  during  the  pumping,  op 
retardati<Hi,  period.  Now,  in  reality,  the  water  enters  the  air 
diamber  only  periodically.  The  air  is  compressed  and  the 
pressure  rises  daring  this  pumping  period,  only  to  drop  again 
•during  the  acceleration  period,  for  wa.ter  is  dischai^g  from  the 
air  chamber  but  none  is  entering  during  this  period.  The  writer 
has  not  been  able  to  integrate  the  general  equation  involving 
tile  true  variable  h  which  is  a  functi<Hi  of  the  amotmt  of  air 
in  the  air  chamber  and  of  the  raite  at  which  water  is  entering 
-and  leaving.    He  is  therefore  not  prepared  to  state  quantita- 
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tively  the  effect  of  tiiia  omisaioii  in  the  theoretical  fommlas.  It 
is,  however,  evident  that  if  the  head  h,  as  recorded  experiment- 
atly,  were  the  initial  or  lowest  head  this  would  operate  to  de- 
crease the  experimentally  determined  efficiencies.  In  the  ex- 
periments to  be  described  later  the  head  recorded  was,  in  each 
case,  the  average  head  during  the  stroke  and  the  effect  of  this 
on  the  comparison  between  experimental  and  theoretical  data 
cannot  be  stated. 

.Aigain,  the  slip  through  the  check  valve  at  the  conclusion  of 
the  retardation  or  pumping  period  has  been  neglected.  Assum- 
ing the  general  equation  (24)  of  retardation 


T  +  mV) 


and  putting  v  =  0,  we  have 

dv_        ((h 


(50) 


as  the  expression  for  the  rate  of  retardation  at  the  end  of  the 
pumping  period.  The  conditions  under  which  the  flow  into  the 
air  chamber  ceases  are  therefore  alwaj's  identical  for  equal 
values  of  h  and  will  doubtless  be  succeeded  by  equal  amounts 
of  slip.  The  correction  for  slip  will  need  to  he  determined  ex- 
perimentally, and  the  equatiwi  for  efficiency  corrected  for  slip 
wiU  take  the  form  of 

E        =     ^y (61) 

where  s'  is  the  slip. 

The  effect  which  slip  has  upon  the  efficiency  is  evidently  pro- 
portionately greater  for  small  velocities  and  hence  tends  to  in- 
crease the  efficient  velocity  above  that  obtained  theoretically 
especially  for  low  pumping  heads. 
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EXPERIMENTAL  APPARATUS 

At  the  time  the  writer  undertook  this  work  the  hydraolic 
laboratory  at  the  University  was  equipped  with  a  "Rife  E^- 
draulic  Engine  No.  20,"  having  a  two-inch  drive  pipe  and 
facilities  for  varying  its  length,  as  well  as  the  supply  head  and 
ptunping  head.  Since  there  are  a  numbCT  of  other  ocmditioiu 
effecting  the  operation  of  a  ram  in  addition  to  those  named,  it 
was  decided  tfl  construct  a  ram  with  more  flexibility  of  adjust- 
ment and  control  than  could  be  obtained  in  any  conunerfiial  ram 
on  the  market 


Resitlt  Desibsd 

In  the  design  of  apparatus  for  experimental  work  and  in  the 
design  of  the  ram  itself  means  were  sought  by  which  each  of  the 
following  conditions  could  be  varied  independent^ : 

1.  Supply  head, 

2.  Pumping  head, 

3.  Length  of  drive  pipe, 

4.  Size  of  drive  pipe, 

fi.  Time  during  which  the  waste  valve  remains  open  and 
hence  the  maximum  velocity  acquired, 

6.  Rate  of  closing  the  waste  valve, 

7.  Law  according  to  which  the  waste  valve  closes, 

8.  Size  of  the  air  chamber, 

5.  Proportion  of  the  volume  of  the  air  chamber  filled  with 

air  and  with  water, 

10.  Amount  of  opening  of  the  waste  valve  during  acceleratim, 

11.  Type  of  waste  valve, 

12.  Type  and  size  of  check  valve. 
Continuous  autographic  records  were  desired  of: 

1.  Velocity  of  flow  in  the  drive  pipe, 

2.  Pressure  in  the  dri%'e  pipe, 
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3.  Motion  of  the  waste  valve, 

4.  Time. 

In  addition  to  a  study  of  the  ram  the  apparatus  was  to  be 
suitable  for  experiments  upon  water  hammer. 


The  Bah 

The  general  make-up  of  the  ram  is  shown  in  Plate  I.  P  is 
the  drive  pipe  leading  from  the  supply  tank  shown  in  Plate 
m.  T  is  a  2"  run,  4"  outlet  cast  iron  tee.  The  waste  valve 
W,  thus  far  experimented  with,  and  its  enclosing  chamber  were 
borrowed  from  the  Rife  ram  No.  20  and  bolted,  as  shown,  to  the 
outlet  flange  A  of  the  tee.  G  is  a  gate  valve  by  which  the  air 
chamber  is  shut  off  wh^i  water  hammer  experiments  are  to  be 
made  but  left  c<Hupletely  open  when  the  machine  is  t^erated  as 
a  ram.  Its  stem  lis  placed  horizontally  to  prevent  the  accumu- 
lation of  air.  E  is  a  2"  x  4"  expanding  elbow  with  a  special 
16"  flange  H  at  the  4"  end.  B  ia  a  blind  flange  drilled  and 
used  as  a  valve  seat  or  grid  for  the  check  valve.  The  air  chun- 
ber  is  formed  of  two  sections  K  and  L,  of  10"  standard  wrought 
flanged  pipe  one  foot  and  two  feet  long,  respectively,  and  closed 
at  the  top  by  a  blind  flange  C.  Both  sections  of  the  air  chamber 
provided  v^jth.  saddle  flanges  D  for  the  connection  of  a  2"  dis- 
charge pipe,  the  intention  being  to  vary  the  height  of  the  air 
chamber  through  one,  two  and  three  feet.  The  check  valve  thus 
far  used  was  also  borrowed  from  the  Rife  ram  and  bolted  to  the 
upper  side  of  flange  B.  The  hole  through  the  flange  B  reduces 
by  means  of  a  curve  from  the  4"  diameter  of  the  elbow  to  the 
diameter  of  tiie  valve  opening. 

Both  cheek  valve  and  waste  valve  are  shown  in  detail  in  Plate 
II.  A  is  the  outlet  flange  of  the  tee  T  shown  in  Plate  I.  B  is 
the  casting  whjch  formed  the  valve  seat  on  the  Rife  ram.  C 
is  a  soft  rubber  valve  disk  held  in  place  by  a  small  washer  above 
and  a  larger  <»ie  and  a  cap  screw  below. 

The  check  valve  is  shown  at  the  left  of  Plate  II.  D  is  oae  of 
eighteen  openings  for  the  flow  of  water  through  the  valve.  The 
valve  disk  E  is  of  soft  rubber  held  securely  against  its  seat  in 
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the  middle  by  a  bolt  but  free  to  bend  upward  around  the  edge 
doe  to  the  pressure  of  the  water  from  below.  The  amount  which 
the  valve  ean  open  is  limited  by  the  curved  lower  surface  of  tiie 
casting  P.  The  valve  is  bolted  to  tiie  blind  flange  B,  (Plate  I), 
by  two  bolts  and  made  water-tight  by  Uie  gasket  G,  (Plate  II). 


Method  op  Varying  the  Conditions  op  Operation 

Plate  III  shows  the  general  arrangement  of  all  apparatus. 
The  method  by  which  the  various  conditions  outlined  at  the 
first  of  this  chapter  were,  or  are  to  be,  varied  will  now  be  de- 
scribed by  reference  to  this  plate. 

1.  Supply  Head: — The  supply  tank  C  is  shown  at  the  right 
of  the  figure.  It  is  fed  from  the  water  main  through  a  lead 
pipe  which  allows  freedom  of  adjustment  to  aJiy  positim.  The 
inlet  pipe  is  closed  at  the  end  by  means  of  the  float  valve  D, 
which  automatically  maintains  the  water  at  a  nearly  etmstaut 
level  in  the  supply  tank  C.  The  water  level  in  the  tank  is  read 
by  means  of  the  water-column  E  and  the  acccanpanying  scale 
which  is  graduated  to  feet  and  tenths.  Water  enters  the  drive 
pipe  F  through  a  bell-mouth  G  which  is  provided  with  four 
guide  plates  to  prevent  eddying.  The  tank  rests  upon  two  rods 
H  which  are  placed  in  slots  cut  in  four  strips  of  steel  plate, 
which  are  in  turn  bolted  to  four  vertical  wooden  posts.  The 
■slots  in  the  steel  plates  are  spaced  6"  on  centers  thus  allowing 
the  elevation  of  the  tank  to  be  varied  by  6"  steps  if  dewred. 
At  each  change  of  elevation  the  sectitm  F,  of  drive  pipe  P  must 
be  removed  and  replaced  by  another  piece  of  the  required 
length, 

2.  Ptiniphiff  Head: — The  head  against  which  the  water  is  de- 
livered is  created  by  means  of  the  valve  I  shown  toward  the  left 
of  Plate  III.  A  Bourbon  and  also  a  mercury  pressure  gage 
communicate  with  the  air  at  the  top  of  the  air  chamber.  Since 
the  supply  head  H  <Pig.  1)  is  mca&ured  above  the  elevation  K 
(Plate  III)  of  the  waste  valve  the  total  discharge  head,  H  +  h, 
must  be  taken  as  the  pressure  head  existing  in  the  water  in  the 
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air  chamber  at  the  same  elevation.  This  quantity  might  have 
been  recorded  directly  by  coDneeting  the  pressure  gages  to  the 
air  chamber  at  that  elevation,  i.  e.,  0.15  feet  above  the  bottom 
of  the  chamber.  They  were,  however,  connected  to  the  top  so  as 
to  be  filled  with  air  instead  of  water,  thus  avoiding  the  difficnl- 
tias  which  would  otherwise  have  been  encountered  in  keeping 
air  bubbles  out  of  the  gage  tubes. 

The  total  head  is  therefore, — 

H  +  h  =  g^e  reading  +  height  of  water  in  air  chamber 
—0.15, 
the  height  of  water  being  read  by  means  of  the  water-glass  and 
graduated  stick  J. 

The  water  pumped  was  measured  either  in  tank  L  or  il  {de- 
pending upon  the  quantity  to  be  measured)  both  graduated 
to  read  in  pounds,  and  with  capacities  of  450  and  90  pounds 
respectively.  The  water  wasted  was  collected  as  it  disch^ged 
from  the  waste  valve  in  an  especially  designed  collector  tank 
from  which  it  was  conveyed  in  a  4"  pipe  through  a  manhole  in 
the  floor  to  a  waste  tank  of  3,000  pound  capacity  in  the  basement. 

5.  Length  of  Drive-Pipe: — The  method  of  changing  the  length 
«f  drive  pipe  is  obvious.    It  required  moving  the  ram,  and  ac- 
9  each  time. 


4.  The  size  of  drive  pipe: — This  has  not  yet  been  varied.  It 
■will  require  new  pipe  and  fittings. 

5,  6  &  7,  Vaive  Motion: — For  the  control  of  the  waste-valve 
motion  a  special  machine  was  designed  and  built  and  run  by  a 
"Doble"  water  motor  taking  water  from  the  main.  Two  views 
of  this  machine  are  shown  in  Plate  III  and  details  of  the  most 
essential  parts,  the  cams,  are  shown  in  Plate  IV. 

Referring  first  to  Plate  III  it  will  be  observed  that  the  rod  N 
(which  carries  the  waste  valve  at  its  loner  end  as  shown  in 
Plate  II)  passes  upward  through  the  top  of  a  waste  water  col- 
leeting  tank  and  through  a  guide  in  the  frame  work  of  the  ma- 
ehine  to  a  joint  0.  Above  this  joint  a  cam  follower  or  roller  P 
which  rolls  at  intervals  upon  the  cam  A  (see  also  Plate  IV)  is 
[45] 
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attached.  This  cam  closes  the  valve.  A  compresEcion  spring  V 
of  adjustable  strength  actmg  downward  upon  the  rod  keeps  tbe- 
valve  open  ontil  dosed  by  the  cam  A.  A  tensicoi  spring  Q  hold» 
the  roller  P  free  from  cun  A  until  one  of  the  secondary  cam» 
B,  by  acting  upon  another  roller  attached  to  the  same  bar  with 
P,  forces  roller  P  into  position  on  its  cam  and  the  waste  valv& 
closes.  The  plate  to  which  cams  B  are  bolted  rotates  at  a  speed 
one-twelfth  as  great  as  the  speed  of  cam  A  and  contains  holes- 
so  arranged  that  1,  2,  3,  4  or  6  cams  can  be  used  at  a  time  and 
be  symmetrically  spaced  around  the  circumference  of  the  plate. 
The  bar  carrying  the  cam  roller  P  may  also  be  locked  onto  place- 
and  the  cam  plate  B  thrown  out  of  gear  by  means  of  lever  E 
thus  obtaining  the  same  result  as  would  be  accomplished  wiUi 
twelve  B  cams.  Taking  the  number  of  B  cams  in  use  in  the 
order  given  above,  we  would  obtain  one  closure  of  the  waste- 
valve  during  every  12,  6,  4,  3,  2  and  1  revolutions  respectively 
of  the  cam  A,  and  thus  be  able  to  vary  the  number  of  strokes- 
per  minute  through  a  wide  range  while  maintaining  a  emstant 
speed  of  the  machine  and  therefore  a  constant  rate  of  valve 
closure.  On  the  other  hand,  by  properly  selecting  the  speeds 
and  number  of  B  cams  we  may  vary  the  speed  of  rotation  and 
therefore  the  rate  of  valve  closure  without  affecting  the  number 
of  strokes  per  minute. 

The  law  of  valve  closure  is  determined  by  cam  A  of  vrhidk 
there  are  three  as  shown  in  Plate  IV,  The  diagram  at  ttie  bot- 
tom of  the  plate  shows  the  laws  of  closure  obtained  by  each. 
The  distance  C  is  the  time  of  closure.  All  three  cams  allow  the' 
same  opening,  one-half  inch,  of  the  valve.  Cam  A2  was  de- 
signed to  produce  a  law  of  closure  as  nearly  as  possible  like  that 
obtained  in  the  automatic  Rife  ram  which  had  previously  been 
indicated  autographically.  Cam  Al  reverses  the  law  of  A2,  anil 
A3  closes  the  valve  with  a  uniform  upward  motion. 

The  time  required  to  retard  the  water  and  therefore  the  time 
during  which  the  waste  valve  remains  closed  is  a  function  chiefly 
of  the  maximum  velocity  of  water  in  the  drive  pipe,  the  head 
pumped  against  and  the  length  of  the  drive  pipe.  Therefore- 
no  attempt  was  made  to  open  the  valve  mechanically,  but  raflier 
to  allow  it  to  open  authomatically  in  order  to  determine  the 
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natural  period  of  time  required  to  retard  the  water.  The  A 
cama  were  therefore  designed  so  that  the  valve  could  open  auto- 
matically at  any  time  after  the  closure.  In  com  A3,  Plate  IV, 
several  positions  of  the  cam  roller  are  shown  and  also  a  path 
of  its  center. 

The  number  of  valve  closures  was  registered  directly  by  the 
tachometer  T. 


8.  The  size  of  the  air  chaniber: — This  is  varied  aa  explained 
in  the  description  of  the  ram.  Only  the  two  foot  height  of 
chamber  has  been  used  thus  far. 

9.  Amount  of  air  in  the  air  chamber: — To  make  possible  a 
rapid  adjustment  of  the  amount  of  air  in  the  air  chamber  a 
small  pipe  line  U  connects  the  air  chamber  of  the  ram  with  the 
large  air  tanks  in  the  University  pumping  station  which 
carry  a  pressure  of  140  pounds  per  square  inch.     An  escape 
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cock  S  is  provided  to  decrease  the  amount  of  air  when  desirable. 

Items  10,  11  and  12  have  not  been  investigated  experimentally. 

Plate  V  shows  an  assembly  view  of  the  ram  discharge  tanks, 

vatve  control  machine  and  "Doble"  motor.     The  view  of  the 


Plate  VI. 

valve-eontrol  mn(^hine  is  from  the  opposite  side  from  that  shown 
in  Plate  III, 

Plate  VI  shows  the  valve-eontrol  maiihine  as  in  Plate  III,  to- 
gether w!th  the  air  chamber  and,  in  the  lower  left-hand  part 

of  the  view,  la  ^hown  the  pressure  recorder. 


[■191 
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Ai;t<kikapii[c  Rbcordino  Instrumknts 

From  the  theoretical  disciiRRion  of  the  ram  it  is  evident  that 
for  a  comparison  of  the  experimpntul  results  with  the  tlieorctical, 
a  knowledRc  of  the  maximum  vehwity  V  of  water  in  the  drive 


pipe  is  ahwoliitely  csfcntijil.  TIic  nii'asiirciiient  howi'ver,  of  this 
vcloeity  proved  lo  !><■  the  most  difficult  task  I'ncounteriHi.  With- 
out discUHsinfr  the  n-lativi-  merits  of  the  various  methods  con- 
sidered and  I'xperLTiieiited  witli,  the  adopted  method  w;}l  he  de- 
serilK'd  hy  referTiiee  to  the  <iifisrrjimm!ilical  sketch  in  the  upper 


D.qit.zeaOvGoOt^lc 


UAItZA INVESTIGATION  OF   THE   HYDttACLIC   HAM         187 

right-hand  comer  of  Plate  III  and  also  to  Plate  VII,  which 
shows  the  velocity  recording  instrument  at  the  right. 

The  guide  vanes  which  steady  the  flow  into  the  bell-mouth  Q 
radiate  from  a  small  central  brass  tube  which  extends  from  tiie 
bottom  of  the  guide  vanes  within  the  drive  pipe  to  a  point  a 
few  inches  above  the  water  surface  in  the  supply  tank.  The 
flow  of  water  in  the  pipe  produces  a  downward  pressure  upon  a 
flat  circular  brass  disk  W.  This  pressure  is  conveyed  upward 
by  means  of  a  small  rod  passing  through  the  brass  tube  above 
menticmed  and  terminating  in  a  fine  copper  wire  fastened  to, 
and  passing  over,  the  arc  T.  Plate  VTI  shows  the  guide  vanes, 
disk  and  disk  rod  below  the  recording  instroments.  The  upper 
end  of  the  disk  rod  screws  into  the  sleeve  not  shown  suspended 
from  the  arc  by  a  fine  wire.  Another  fine  wire  passing  over 
the  same  arc  is  attached  to  a  spiral  spring  X.  A  second  arc, 
oppositely  situated  to  are  Y  and  rigidly  connected  with  it  at 
knife  edge  Z  moves,  by  means  of  two  small  steel  ribbons,  a 
vertical  aluminum  bar  A'  to  which  is  attached  the  recording 
pencil.  Only  one  spring  X  was  used,  but  disks  of  %",  J4"> 
1",  1^"  and  V/^i"  diameters  were  used,  the  choice  of  disk  for 
any  particular  observation  depending  upon  the  velocity  to  be 
measured.  The  drum  upon  which  the  record  is  made  rotates 
by  clockwork  but  is  normally  at  rest  due  to  the  acti<xi  of  a  fric- 
tion brake  which  can  he  released  magnetically,  or  by  the  hand 
operation  of  a  small  lever.  A  second  pencil  attached  to  the 
armature  of  a  small  electro-magnet  makes  a  continuous  line  on 
the  record  with  a  notch  for  each  second  of  time. 

The  frictional  resistance  offered  by  the  small  steel  rollen 
which  guide  the  aluminum  bar  and  by  the  are  and  knife  edge 
arrangement  is  entirely  negligible.  The  difiGculty  with  the  in- 
strument is  due  to  the  friction  of  the  disk  rod  in  the  tube  and 
to  pencil  fricticm.  Metallic  surfaced  record  paper  and  indeli- 
ble pencil  were  used  in  order  to  reduce  the  effect  of  the  latter 
as  much  as  possible. 

The  instrument  was  calibrated  with  each  disk  separately. 
The  pencil  was  adjusted  so  that  it  just  failed  to  touch  the  paper, 
and  water  was  allowed  to  flow  through  the  drive  pipe  at  a  uni- 
form rate,  which  was  determined  by  measuring,  in  the  discharge 
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tank,  the  water  discharged  hy  the  pipe  in  the  given  time.  The 
'supply  tank  was  li^tly  tapped  meanwhile  to  eliminate  the 
frictional  resistance  of  the  disk  rod  in  the  tnbe.  The  calibra- 
tion curves  are  shown  in  Diagram  II  with  an  exaggerated  ver- 
tical scale  to  show  better  the  form  of  the  curves.  The  scale  at 
the  right  shows  the  loss  of  head  in  the  pipe  due  to  the  disk  as 
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-determined  by  assuming  it  equal  to  the  height  of  a  column  of 
■water  whose  cross  section  equals  that  of  the  drive  pipe  and 
whose  weight  is  equal  to  the  pressure  on  the  disk. 

The  pressure  is  recorded,  aa  shown  to  the  left  of  the  air  chamber, 
(Plate  III)  upon  a  revolving  dmm  by  means  of  an  ordinary 
steam  indicator.  The  indicator  cord  B'  leads  from  the  joint 
in  tiie  valve  rod  over  two  pulleys  to  the  instrument  and  is  op- 
<~poeed  by  a  spring  (not  shown)  thus  giving  a  c<Hitinnoua  record 
[6S1 
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of  the  valve  motion.  This  instrumeiit  is  also  equipped  with  ao: 
electro-magnetic  time  recorder  in  seriea  with  the  one  on  the- 
velocity  instrnment. 

Both  iDBtruments  were  reconstructed  from  bridge  extensome- 
ters  of  Qerman  manuf acttire  which  had  been  discarded  for  that 
purpose  and  were  already  equipped  witii  the  drums,  dock  work, 
time  recording  magnet  and  magnet  for  release  of  the  fricticm 
brake  (not  shown  in  the  figure). 

In  order  to  obtain  simultaneous  records  from  both  instru- 
ments, the  startiug  magnets  were  put.  in  series  with  each 
other,  with  a  switch  S"  and  with  a  battery.  The  time  circuit 
has  its  origin  in  a  clock  contained  in  the  physical  laboratory 
cf  the  TJniversity  which  breaks  an  electrical  contact  each  second, 
thus  actuating  the  relay  B",  The  secondary  of  the  relay  is  in 
stTtes  with  the  battery,  the  switch  T"  and  the  recording  mag- 
nets on  the  two  instraments,  A  telegraph  key  K',  for  number- 
ing records,  is  connected  in  parallel  with  the  relay  and  the 
switch  T". 

Diagram  III,  page  190,  shows  typical  cards  from  both  the 
velocity  and  pressure  records,  rednced  abont  one-half.  The 
paper  moved  to  the  right  in  both  and  the  arrows  show  the  order 
in  which  events  occurred. 

In  all  curves  the  points  marked  0  represent  the  instant  at 
which  the  waste  valve  opened.  Points  marked  C  represent  the 
time  at  which  the  waste  valve  completed  its  closure.  The  run 
dnring  which  each  record  was  taken  is  given  below  the  record. 

In  the  cards  from  the  velocity  recorder,  it  will  be  noticed  that 
the  curves  fall  suddenly  below  the  line  of  zero  velocity  at  the 
instant  of  closure.  This  is  due  to  the  inertia  of  the  moving 
parts  of  the  instrument  and  prevented  iiteasuring  the  velocity 
in  the  pipe  durino-  this  retardation  period. 

In  the  cards  from  tlie  pressure  recorder,  the  points  marked 
B  indicate  where  the  waste  valve  begins  to  close.  The  pressure 
in  the  drive  pipe  rises  only  slightly  until  the  waste  valve  com- 
pletes its  closure. 

The  lower  figure  represents  a  theoretical  curve  of  drive  pipe 
pressure  for  conditions  enumerated  below  the  fignre  and  showa 
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Diagram  III.— Sample  Adtocbaphic  Recobds. 
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the  same  general  form  although  the  conditions  are  not  the  same 
ns  in  the  autographic  records. 

The  curve  of  waste  valve  motion  shows  that  the  valve  did 
not  close  at  a  uniform  rate  during  the  entire  motion  as  was  in- 
tended. When  nearly  closed,  the  water-hammer  pressure  be- 
came suMcient  to  overcome  the  spring  V  (Plate  III)  and  raise 
the  valve  suddenly  by  taking  up  the  play  in  the  valve  rod,  in  the 
cam  roller  on  its  journal  and  in  the  cam  groove.  It  was  found 
impossible  to  eliminate  this  play. 
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EXPERIMEXTAL  VERIFICATION  OF  THEORY 
Obsesvisq 

The  scheme  for  observing  shown  in  Table  VI,  was  adopted. 
The  water  motor  was  first  regulated  to  a  speed  which  woulil 
give  any  desired  mimber  of  revolutions  per  minute  of  cam  A 
as  shown  in  the  left  column.  This  speed  determined  the  time 
t  required  for  valve  closure,  and  together  with  the  number  of 
B  cams,  shown  at  the  top  of  the  columns,  determined  the  num- 
ber of  valve  closures  or  strokes  per  minute,  n.  With  this  speed 
kept  as  nearly  constant  as  practicable,  runs  were  then  made 
with  total  heads,  h  +  H,  of  10,  20,  30,  50  and  70  feet.  Thus 
with  each  (with  a  few  exceptions)  of  the  36  possible  combina- 
tions of  speeds  and  cams  shown  in  Table  I,  five  runs  were  taken 
making  in  all  180  runs.  Some  of  the  low  speeds  with  few  cams 
were  omitted  and  not  many  runs  were  taken  with  the  288  R. 
P.  M.,  as  this  speed  proved  destructive  to  the  cam  rollers.  One 
more  or  less  complete  set  of  runs,  as  shown  by  the  table,  were 
taken  for  each  of  the  two  lengths'  of  drive  pipe  which  were  ex- 
perimented with  and  for  each  supply  head  used. 
The  average  conditions  were : 

Table  I  85.35  ft.  drive  pipe,  8.17  supply  head 
Table  H  51.5  ft.  drive  pipe.  8.16  supply  head 
Table  III  51.5  ft.  drive  pipe,  6.17  supply  head 
Table  IV  51.5  ft.  drive  pipe,  4.2  supply  head 
Table     V  51.5     ft.  drive  pipe,  2,19  supply  head 

Lack  of  time  prevented  the  use  of  any  shorter  lengths  of 
drive  pipe  and  of  more  than  the  one  ciceing  ram  A3.  The 
five  tables  mentioned  above  contain  all  the  observed  and  com- 
puted data.  The  rims  were  numbered  in  the  order  taken  be- 
ginning with  one  for  each  set  of  conditions  but  are  grouped 
in  the  tables  with  pumping  heads,  which  were  intended  to  be 
equal,  placed  together. 
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TABLE  NO  VI 

n  -  STROKES  PER  MIN      t  -TIME  OF  VALVE  CLOSURE 

NUMBER   OF    8    CAMS                          | 

* 

2 

J 

4 

6 

12 

< 

li. 
o 

I 

o: 

aee 

n 

i* 

46 

7^ 

9i 

144 

266 

osa 

0S2 

0S2 

0S2 

032 

032 

/•»¥■ 

12 

24 

J6 

46 

72 

144 

104 

104 

104 

104 

104 

.104 

96 

s 

It 

24 

32 

46 

M 

ISi 

ISt 

ISt 

.ISi 

J36 

.tS6 

7Z 

n 

6 

12 

16 

24 

36 

72 

zoe 

2oa 

2oa 

.206 

.2oa 

2oa 

*a 

4 

e 

12 

16 

24 

4a 

JO 

JI3 

.313 

.313 

313 

.313 

24 

n 

2 

4 

6 

a 

12 

24 

.(,2S 

i2S 

62S 

.t2S 

.623 

.623 

The  term  "strokes,"  colunm  4,  refers  to  the  total  number  of 
strokes  or  waste  valve  closures  during  the  run. 

The  values  given  in  columns  9,  10  and  11  are  in  each  case 
the  average  of  the  values  scaled  from  about  ten  antogr^hio 
records  taken  during  the  run.    See  Diagram  III. 

The  term  "valve  closure,"  column  12,  indicates  the  time  oc- 
cupied by  the  <waste  valve  in  moving  the  one-half  inch  required 
to  close  it. 

Columns  7  and  8  give  the  amount  of  water  wasted  and 
pumped,  respectively,  during  the  entire  nm,  while  these 
quantities  are  reduced  to  gallons  per  minute  in  columns  16  and 
17. 

Column  13  was  computed  by  equation  (53) ;  E,  column  15, 
was  computed  by  Bankine  's  formula,  p.  147  j  while  the  efBcien(7 
during  the  retardation  period,  or  W,  is  the  quotient  of  the  former 
by' the  latter  (See  equation  [49a]). 
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Comparison  op  Theoet  and  Experiment 

In  order  to  apply  the  theoretical  formulas  in  a  problem  of 
design,  it  would  be  necessary  to  estimate  the  quantities  f,  rai, 
m^,  c  and  c'.  Where  these  coeEBcients  are  to  be  experimentally 
determined,  however,  it  does  not  matter  whether  the  several 
terms  which  constitute  the  quantity  m  are  separately  determined 
or  not  since  m  always  enters   (except  in  equation  16)   iu  its 
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complete  form  as  given  by  equation  {8a).    The  quantity  m  was 
th^^fore  assumed  to  be  of  the  form 


where  f  varies  with  the  length  of  pipe,  1,  and  f  remains  con< 
slant.  Diagram  IV  shows  the  values  obtained  for  the  friction 
coefficient  f,  as  we  may  call  it,  for  each  of  the  two  lengtbi 
of  drive  pipe.  They  were  determined  by  measuring  the  dis- 
charge in  a  given  time  through  the  pipe  and  recording  at  the 
same  time  the  readings  of  water  columns  C  and  E   (Plate 
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HI.)     It  was  necessary  to  measure  c  only  when  the  waste  valve 
was  completely  open. 

The  values  adopted  for  use  in  the  theoretical  formulas  are: 

f   (for  the  tf'j.:).")  ft.  drive  pipe)   =0.03 

f   (for  the  51.5     ft.  drive  pipe)   =0.034 

c    =  0.54 
These  values  pive: 

m  (for  the  85.35  ft.  drive  pipe)  =  0.264 

in  (for  the  51.5  ft.  drive  pipe)  =  0.191 
To  determine  the  loss  through  the  check  valve,  and  hence 
c'.  a  differential  mercury  gage  was  used  with  one  end  connected 
to  the  elbow  immediately  below  the  check  valve  and  the  other 
end  to  the  air  chamber.  The  curve  obtained  in  this  way,  (see 
Diagram  V),  shows  that  the  loss  of  head  varies  as  first  power 
of  the  rate  of  flow  throuph  the  valve  and  is  equal  to  1.76  feet 
per  pound  of  water  Howing  through  the  valve  in  Mie  second. 
For  use  in  the  fonnulas.  this  must  be  reduced  to  the  loss  per 
foot  of  velocity  in  the  drive  pipe  which  for  a  2.05  inch  pipe 
becomes  equal  to  2.52  feet. 

\  is  obtained  from  equation  (4),  for  the  drive  pipe  in  use,  by 
substituting:  w  =  62.5,  g  =  32.15,  K  —  300,000,  d  =-  2.05, 
e'  =  0.151,  and  E  ■=  24,000,000.     This  gives:     A,  =  4380  feet 

per  second,  and   -=  136.3. 
e 
1.     Accderation    Periods— T\ie    curves    shown    in    Diagrams 
VI  to  X,  inclusive,  were  computed  from  equation  (11)  for  the 
average  conditions  obtained  in  the  experiments..     The  dashed 
lines  tangent  to  the  curves  at  the  origin  represent  the  equation 

-  =  ?°t  Pi) 

which  would  represent  the  velocity  at  any  time  were  it  not  for 
the  resistance  of  the  pipe  and  the  waste  valve. 

The  horizontal  dashed  liue&'  represent  the  maximum  carrying 

capacity  of  the  pipe  luider  the  several  heads,  or    ■>/-  anii  are 
asymptotes  to  the  cur^'cs. 

The  experimental  data  which  are  plotted  upon  the  same  dia- 
grams are  to  be  found  in  Tables  I  to  V  respectively.     A  general 
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agreement  is  evideiit,  although  the  experimental  points  eeem  tO' 
fall  eommoDly  below  the  theoretical  eurve.  This  is  dne  wiUiout 
doubt  to  the  fact  that  the  recording  pencil  is  always  moving 
npward  during  this  period,  and  the  frictional  resistances  of  the 
pencil,  disk  rod,  and  all  other  parts  of  the  instrument  combine 
to  produce  a  reading  below  the  true  value. 

The  position  of  all   asymptotes   or   i/ -  were  accurately 

chedced  by  allowing  the  water  to  flow  continuously  into  the  dis- 
chai^  tank  for  some  time  and  then  computing  the  limiting 
velocity  from  the  croes-sectional  area  of  the  pipe,  the  disehai^ 
and  the  time.  Notwithstanding  this  fact  the  points  near  the 
limiting  velocity  in  Diagram  Til  are  all  below  the  true  value, 
aa  experimentally  proven,  even  though  acceleration  is  known 
to  have  practically  ceased;  which  fact  shows  conclusively  that 
the  disagreement  is  due  to  systematic  errors  in  the  instrument. 

The  fact  that  some  points,  for  low  velocities,  fall  above  the 
curve  results  from  using,  for  abscissas,  the  time  during  which 
the  waste  valve  remains  completely  open,  whereas  Diagram  I 
shows  that  the  water  continues  to  accelerate  (although  at  a 
slower  rate)  for  these  low  velocities  xmtil  the  waste  valve  is 
nearly  closed.  A  further  scattering  of  the  points  no  doubt  re- 
sults from  plotting  on  the  same  curve  the  results  obtained  from 
all  rates  of  valve  closure,  although  this  cause  is  of  minor  im- 
portance except  for  low  velocities. 

The  curves  shown  in  Diagrams  XI  to  XV  inclusive  were  com- 
puted  by  the  successive  application  of  formulas  (11),  (13)  and 
(14)  for  the  average  conditions  existing  during  each  set  of 
runs.  The  experimental  points  plotted  on  the  same  diagrams 
were  computed  by  the  formula, 

where  ^1=  amount  of  water  required  to  fill  the  drive  pipe; 
Q  =  total  waste  water  during  the  run ; 

N  =  total  strokes  recorded  by  the  tachometer  during  the  run  ^ 
V      was  measured  autographically. 
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The  experimental  points  in  these  curves  do  not  show  as  close 
an  agreement  with  the  theoretical  ad  in  the  other  curvea,  due 
chiefly  to  the  fact  that  V  enters  in  equation  (53)  in  the  secwid 
degree,  practically  doubling  the  per  cent,  of  error  as  may  be 
readily  shown  algebraically.  The  efficiency  is  further  decreased 
by  the  waste  of  water  without  proportionate  increase  in  Telocity 
during  closure  of  the  waste  vaJve,  although  this  effect  is  believed 
to  be  comparatively  small. 

2.  Retardation  Period: — A  theoretical  curve  showing  the  effect 
of  the  maximum  velocity  V  upon  the  efficiency  during  the  pump* 
iug  period  can  be  obtained  by  assuming  values  of  Y  and  then 
applying  equations  (23),  (44)  and  (32)  successively  for  the 
particular  value  of  h,  or  pumping  head,  under  consideration. 
Diagrams  XVIII,  XX  to  XXV,  inclusive,  and  the  upper  full- 
line  curves  in  Diagrams*  XVI,  XVII  and  XIX  were  computed 
in  this  way  for  the  conditions  given  upon  the  respective  diagrams 
•which  were  average  conditions  existing  during  the  experiments. 
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The  lower  curves  in  Diagrams  XVI,  XVII  and  XIX  were 
obtained  by  the  more  exact  formulas'  of  cases  I  and  II,  pages  166 
to  168,  which  take  into  aecoiuit  the  retarding  influences  of  the 
friction  in  the  drive  pipe.  These  formulas  give  lower  efBcien- 
cies  than  the  others,  although  the  maximum  efBeieneiea  occur 
for  practically  the  same  velocities,  and  the  cur\-es  do  not  differ 
much  at  the  maximum  pointe. 

Since  the  values  of  efficiency,  as  shown  by  the  experimental 
data  plotted  in'  these  same  curves,  were  obtained  by  the  formula 

E'  =  =^  {see  equation  [49a]) 
they  are  affected  by  a  systematic  error  (due  to  the  velocity  rec- 
ording instrument)  of  the  same  size  but  opposite  in  sign  to  the 
errors  which  affect  the  efficiencies  during  the  acceleration  period, 
as  shown  in  Diagrams  XI  to  XV,  inclusive.  They  are  further 
subject  to  the  accidental  errors  arising  from  observing  Q,  q, 
n,  H,  h.  as  well  as  V.  The  largest  of  such  errors  is  probably 
that  of  h,  as  it  was  found  to  be  quite  impossible  to  maintain  a 
constant  head  by  means  of  the  regulating  valve.  Furthermore, 
the  value  of  the  pumping  heads  as  given  on  each  diagram  ia  the 
average  pumping  head  for  the  points'  plotted  and  the  values 
averaged  commonly  vary  about  two  feet  above  and  below  the 
mean  as  may  be  seen  by  a  study  of  the  original  data  in  Tables 
I  and  II.  Another  cause  for  lack  of  agreement  between  points 
is  that  data  for  all  rates  of  valve  closure  are  plotted  on  one 
curve. 

Due  to  the  systematic  error  in  measuring  V,  we  know  that 
the  plotted  values  of  the  efficiency  during  retardation  are  high. 
They  do  not,  however,  appear  uniformly  high  in  the  curves. 
The  two  sets  of  efficiency  cur^'es  are  hence  misleading  in  that 
they  show  the  deficiency  of  experimental  values  to  be  due 
chiefly  to  causes  operative  in  the  acceleration  period  while  in 
reality  they  are  due  very  largely  to  losses  in  the  retardation 
period,  which  -were  discussed  in  the  theoretical  analysis  but 
could  not  be  quantitatively  expressed  in  the  formulas.  (See 
pages  173  to  175.) 

3.  Efficiency  of  the  Machine: — The  theoretical  values  are  ob- 
tained by  multiplying  together  the  efficiencies,  shown  in  the 
[88] 
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preceding  diagrams,  during  the  two  periods  which  compose  the 
complete  cycle.  They  are  plotted  in  Diagrams  XSVI  to  XXXV^ 
inclusive,  together  with  the  experimental  points. 

The  experimental  values  of  this  total  efficiency  are  subject  t» 
much  smaller  errors  than  those  of  the  two  component  periods 
since  the  errors  of  the  velocity  recorder  do  not  enter.  Since, 
however,  values  of  V  are  used  as  abscissas  in  plotting  the  eurvefl, 
the  points  are  uniformly  to  the  left  of  the  position  they  would 
have  taken,  had  the  velocity  been  accurately  recorded. 

An  important  cause  for  the  lack  of  agreement  between  points 
is  that  the  curves  are  plotted  for  the  average  pumping  heads. 
The  true  pumping  head  is  shown  on  the  curve  opposite  eacb 
point  which  differs'  greatly  from  the  mean. 

Another  cause  may  be  found  in  the  fact  that  the  plotted 
points  include  the  readings  taken  with  all  rates  of  waste  valve 
closure. 

The  general  failure  of  experimental  efficiencies  to  equal  the 
theoretical  is  to  be  ascribed  to  losses  not  considered  in  the  form- 
ulas and  which  occur  chiefly  during  the  retardation  period. 
The  general  effect  of  these  losses  is  discussed  on  pages  173  tO' 
175. 

It  is  to  be  regretted  that  lower  velocities  could  not  be  obtained 
since  the  experimental  points  for  low  velocities  are  not  sufficient 
to  determine  the  economical  velocity.  The  lack  of  the  required 
data  is  due  to  the  weight  of  the  waste  valve  and  valve  rod  which 
prevented  rapid  opening  and  eloaing. 

Id  those  diagrams  which  u^iitain  a  double  curve,  the  lower 
one  results  from  using  tht  more  accurate  formulas  of  Gases  I 
and  II,  pages  166  to  168,  in  computing  the  efficiency  during  the 
retardation  period.  They  differ  but  little  from  the  more  approx- 
imate curves  immediately  above  them  and  serve  no  better  for 
determining  the  economical  velocity,  for  any  given  conditions. 
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EFFECTS  OP  CHANGING  THE  CONDITIONS  OP 
OPERATION 


1.  Supply  Head: — The  effect  of  the  supply  head  upon  the 
operation  of  a  ram  is  confined  entirely  to  the  acceleration  period. 
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Diagram  XXXVI  was  computed  by  assuming  T&lnee  of  v 
and  H  and  then  applying  successiTely  formulafl  (10),  (13),  and 
(14).  It  shows  that  any  required  velocity  V  can  be  more  effi- 
ciently obtained  the  higher  the  aupply  head.  We  may  ^erefore 
conelude  that: 

Other  things  remaining  constant  the  efficiency  during  accelera- 
tion, and  therefore  of  the  ram  itself,  is  increased  by  increasing^ 
the  supply  head. 
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2.  Pumping  Head: — The  effect  of  the  pumping  head  is  con- 
fined to  the  retardation  or  pumping  period. 

Diagram  XXXYII  is  an  assembly  of  all  the  curves  of  effi< 
cieney  during  the  retardation  period  for  a  51.5'  drive  pipe. 
These  curves  show  that  the  same  maximum  efficiency  during  re- 
tardation can  be  obtained  vith  any  givai  pumping  head,  bat 
that  the  velocity  V  required  to  obtain  this  maximum  efficiency 
increases  with  the  pumping  head.    The  efficiency  with  which 
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this  required  velocity  can  be  produced  in  the  drive  pipe  will, 
however,  decrease  and  hence  the  combined  efficiency  will  de- 
crease with  an  increase  in  pumping  head.  This  result  is  also 
evident  from  a  comparison  of  the  maximum  points  in  Diagrams 
XXVI  to  XXXV,  inclusive. 

If,  however,  all  conditions  including  the  velocity  V  remain 
constant  there  is  one  pumping  head  for  which  the  efficiency  will 
be  maximum,  as  shown  by  Diagram  XXXVIII. 

5.  Lengih  of  Drive  Pipe: — The  efficiency  with  which  a  given 
■velocity  can  be  produced  decreases  as  the  length  of  drive  pipe 
.increases  other  things  remaining  constant.       This  is  evident 
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from  a  study  of  the  formulas  and  by  compariug  Diagrams  XI 
and  XII.  It  is  further  shown  by  Diagram  XXXIX,  which  also 
shows  that  the  time  necessary  to  develop  a  given  velocity  in  the 
drive  pipe  increasea  with  the  length. 

The  efficiency  during  retardation  according  to  the  formulas 
is  independent  of  the  length  I.  However,  both  the  slip  and  the 
loss  in  velocity  during  closure  of  the  waste  valve,  which  do  not 
enter  in  the  formulas,  constitute  a  greater  percentage  of  the 
total  pumpage  when  the  amount  of  water  pumped  during  a 
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T  DiAMETEB  OF  Dbive  Pipe  Upon 


stroke  is  small  as  with  a  short  drive  pipe.  It  is  therefore  safe 
to  say  that  a  decrease  in  eflficieney  during  retardation  results 
from  short«ning  the  drive  pipe.  Its  importance,  although  small, 
is  not  determined. 

The  combined  effect  of  lengthening  the  drive  pipe  is  thus  to 
decrease  the  efficiency  except,  perhaps,  for  short  drive  pipes 
and  low  velocities  where  the  slip  and  loss  due  to  closure  become 
relatively  more  important. 


d.  Size  of  Drive  Pipe: — Diagram  XL  shows,  for  a  particular 
ie,  the  effect  of  the  diameter  of  the  drive  pipe  upon  the  effi- 
[98] 
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ciency  with  -which  a  given  velocity  may  be  acquired  and  the 
time  required  to  produce  this  velocity.  The  coDclusiou  that  the 
efficiency  increases  with  the  diameter  is  obvious. 

In  the  seccmd  or  retardation  period  the  problem  of  size  of 
drive  pipe  is  not  very  important,  the  efiBcieney  being  determined 
chiefly  by  the  check  valve.  This  is  seen  by  a  study  of  Diagrams 
XVI,  XVII  and  XIX  where  the  npper  or  dashed  line  is  the 
efficiency  which  would  be  possible  were  there  no  loss  in  either 
the  cheek  valve  or  the  drive  pipe  during  this  period;  the  upper 
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full  line  as  obtained  by  the  approximate  formula  which  taJces 
account  of  the  loss  through  the  check  valve  only ;  the  lower  full 
line  takes  aoeount  of  the  loases  in  both  the  drive  pipe  and  the 
check  valve. 

IHagram  XLI  was  computed  by  means  of  the  approximate 
formula  and  shows  the  result  which  would  be  obtained  imder 
the  same  conditions  as  shown  in  the  upper  full  line  of  Diagram 
XVII  except  with  a  three-inch  drive  pipe.  The  efficiency  is 
smaller  for  all  velocities  due,  however,  to  the  check  valve.  Were 
the  check  valve  area  increased  to  give  the  same  loss'  per  unit  veloc- 
ity in  thedrive  pipe,  thecun'e  would  coincide  with  the  upper  fuU 
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line  in  Diagram  XVII,  while  the  loss  in  the  drive  pipe  would 
be  decreased  thus  raising  the  lower  full  line  in  Diagram  XVII. 
This  would  increase  somewhat  the  eflScieney  during  this  period 
And  thus  add  to  the  beneficial  effect  obtained  during  accelera- 
iioD. 

-5.  Strokes  per  Minute: — Other  things  remaining  ccnstant  the 
Tnaximum  velocity  V  in  the  drive  pipe  will  decrease  as  the  nom- 
ber  of  strokes  per  minute  increases. 

Diagrams  XI  to  XV  show  that  the  efficiency  during  the 
acceleration  period  is  100  per  cent,  for  a  zero  velocity  and  ap- 
proaches zero  as  the  velocity  c^proaches  its  limiting  value. 

During  the  pumping  or  retardation  period,  however,  there 
is  an  efficient  velocity  as  shown  in  Diagram  XVI  to  XXV, 

The  efficient  velocity  for  the  entire  cycle  or  for  the  machine 
will  be  found  at  that  point  on  the  two  curves  where  tiie  slopes 
are  opposite,  i.  e.,  for  that  velocity  at  which  the  efficiency  during 
acceleration  is  decreasing,  per  unit  increase  in  velocity,  at  the 
«&me  rate  at  which  the  efficiency  during  retardation  is  increas- 
ing. This  will  always  occur  to  the  left  of  the  maximmn  point 
Sn  Diagrams  XVI  to  XXV. 

Diagrams  XXVI  to  XXXV  show  the  combined  efficiency  of 
"both  periods.  There  is  a  minimum  velocity  below  which  no  water 
-would  be  pumped.    This  critical  value  is :  v  =  hg/A.    There  is 

.also  a  maximum  velocity  i -•^-   which  can  be  obtained  under 

given  conditions  and  this  also  with  a  zero  efficiency. 

Diagram  XLII  shows,  for  one  set  of  given  conditions,  the 
-effect  of  the  number  of  strokes  per  minute  upon :  the  maximum 
velocity  V  in  the  drive  pipe;  total  gallons  per  minute  CQ  +  q) 
used  by  the  machine;  gallons  per  minute  pumped  q;  and  ef- 
ficiency of  the  machine  E.  The  velocity  V  was  first  assumed. 
The  time  required  to  generate  this  velocity  was  taken  from  Dia- 
gram VI.  The  time  T,  during  which  the  waste  valve  remains 
clo6«d,  was  computed  from  equations  (22)  and  (36).  The  num- 
ber of  strokes  per  minute  was  then  assumed  to  be 

(M) 


To  +  Tc  +  0.3 
mds  represents  an  estimated  average  value  for 
[1(101 
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the  time  occupied  hy  the  waste  valve  in  opening  and  closing. 
The  method  of  obtaining  Q,  q  and  E„  from  the  formulas  and 
previous  curves  is  evident.  Experimental  points  are  shown  for 
efficiency  only. 

These  curves  in  Diagram  XLII  may  be  called  the  character- 
istic operating  curves  of  this  ram  under  the  given  conditions. 
It  will  be  observed  that  the  maximum  efficiency  is  obtained  for 
this  case  with  about  70  atrohes  per  minute;  the  maximum  dis- 
charge at  about  20  strokes  per  minute  with  only  about  40  per 
cent,  effiidency. 

6,  Bate  of  Waste  YiUve  Closure: — Attempts  were  made  to  de- 
termine by  means  of  the  experimental  data  the  effect  of  rate  of 
closure.  It  was,  however,  in  the  experimental  work,  impossible 
to  keep  all  other  conditions  constant.  In  addition  the  intended 
action  of  the  closing  cam  A  (Plate  IV)  was  not  fully  realized. 
The  increase  in  water  pressure  during  closure  became  sufficient, 
before  the  valve  had  reached  its  seat,  to  overcome  the  action  of 
the  spring  V  (Plate  III)  and,  by  taking  up  the  play  in  the  joint 
0  and  the  cam  roller  P  on  its  journal  as  well  as  in  the  cam 
groove,  to  cause  a  sudden  upward  jump  of  the  valve.  This 
is  readily  seen  in  the  sample  cards  shown  in  Pig.  14. 

It  was  also  found  upon  removing  the  valve  lit  the  completion 
of  the  experiment  that  the  cap  screw  which  fastened  the  valve 
to  the  lower  end  of  the  rod  had  loosened  and  this  no  doubt  had 
operated  to  disguise  the  effect  of  valve  closure  in  the  experi- 
mental data.  Besults  were  discordant  although  a  general  ten- 
dency toward  increased  efficiencies  with  rapid  closure  was  dis- 
cernible. 

A  rapid  closure  of  the  valve  reduces  the  time  from  X  to  T 
{Fig.  12)  during  which  the  water  ds  wasting  with  only  a  small 
proportionate  increase  in  velocity.  It  also  reduces  the  time 
from  Y  to  Z  during  which  velocity  and  water  are  both  lost  and, 
since  the  average  pressure  which  is  retarding  this  velocity  and 
wasting  the  water  during  this  period  would  be  practically  the 
same  in  any  case  of  valve  closure,  we  may  reasonably  conclude 
that  it  conserves  more  of  the  accumulated  energy. 

From  the  theoretical  standpoint  we  may  therefore  safely 
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say  that  a  rapid  valve  closure  conduces  to  greater  efficiency  of 
operation.  Some  manufacturers  avoid  a  rapid  clobtire  in  order 
to  reduce  the  shock  upon  the  machine. 


7,  Law  of  Closure: — From  X  to  T  (Fig.  12)  the  eflficien<^ 
with  which  each  increment  of  velocity  is  obtained  decreases 
(since  the  curve  is  ccoicave  downward) .  The  less  effioiently 
this  gain  in  energy  is  obtained  the  less  should  be  the  length  of 
time  during  which  it  is  allowed  to  continue.  From  Y  to  Z  tlw 
loss  in  velocity,  per  instant  of  time,  will  increase  as  the  retard- 
ing head  increases  and  therefore  as  the  valve  approaches  ita 
seat.  The  more  rapid  this  loss  the  shorter  should  be  its  dura- 
tion. 

This  reasoning  leads  to  the  conclusion  that  an  accelerated 
movement  of  the  valve  gives  greatest  efficiency. 

The  magnitude  of  the  effects  of  both  shock  pressure  and  loss 
during  closure  are  unsettled  questions.  They  should  be  corrected 
for  b>-  the  introductioaof  an  experimental  coefficient  C  multiplied 
into  the  maximum  velocity  Y  in  the  retardation  formulas.  The 
present  data  is  not  sufficiently  accurate  or  comprehensive  to 
determine  such  a  coefficient  satisfactory. 

S.  Volume  of  Air  in  the  Air  Chamber: — As  shown  by  the 
theoretical  and  experimental  pressure  curves  in  Fig.  14  the  loss 
of  head  through  the  check  valve  is  maximum  and  the  efficiency 
of  pumping  therefore  minimum  at  the  first  instant  of  the  pump- 
jng  period.  The  efficiency  of  the  operation  increases  during 
the  period  until  the  loss  of  head  becomes  zero  at  the  end.  Now 
with  a  small  volume  of  air  the  pressure  increases  greatly  during 
the  stroke,  thus  requiring  the  most  efficient  pumpage  to  take 
place  (due  to  the  increased  pumping  head)  under  the  least 
favorable  conditions. 

A  large  volume  of  air  thus  increases  the  efficiency  with  which 
the  water  enters  the  air  chamber  besides  conducing  to  a  more 
tutiform,  and  hence  a  more  efficient  dischai^e  from  the  same. 

It  is  desirable  that  future  eScperimenters  record,  in  order  to 
prove  this  assertion,  both  the  minimum  pressure  and  the  range 
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of  pressure  during  the  pumping  period  instead  of  the  average 
value  only,  aa  was  done  in  these  experiments. 

9.  Amount  of  Water  in  ihe  Air  Chamber: — If  the  amount  of 
vater  were  increased  while  at  the  same  time  the  air  chamber 
were  extended  upward  so  that  the  volume  of  air  might  remain 
constant,  the  effect  would  be  negligible  unless  for  a  slender  air 
chamber.  In  this  case  an  appreciable  effect  might  result  from 
the  necessity  of  starting  this  column  of  wat«r  upward  at  the 
beguming  of  each  pumping  period. 

10.  Amount  of  Opening  or  Range  of  Movement  of  the  Waste 
Valve: — Increasing  the  opening  of  the  waste  valve  decreases  m 
(equation  [8a])  and  therefore  increases  the  efficiency  during 
acceleration.  The  loss  of  enei^y  in  closing  is  greater,  however, 
and  there  is  probably  an  economical  opening  for  any  given  valve 
under  each  condition  of  operation. 

11.  Type  of  Waste  Valve: — The  waste  valve  should  be  as 
light  asi  consistant  with  strength  and  durability.  It  should  be 
held  open  with  a  long  spring  rather  than  by  a  weight  in  order 
that  it  close  more  quickly  after  starting.  The  neces&ary  valve 
area  should  be  obtained  by  a  number  of  small  valves  with  a 
smfUl  range  of  movement  rather  than  by  a  large  valve  which 
would  need  to  be  built  thicker  and  heavier  to  possess  the  re- 
quired strength.  They  should  be  placed  as  close  as  practicable 
to  the  check  valve. 

13.  Type  and  Size  of  Check  Valve: — The  efBcieney  during  re- 
tardation is  largely  determined  by  the  check  valve,  as  explained 
in  discussing  the  diameter  of  drive  pipe  (see  4).  The  great  im- 
portance of  reducing  the  loss  through  the  check  valve,  or  valves, 
should  not  be  lost  sight  of  in  design.  About  the  same  principles 
no  doubt  apply  as  in  the  design  of  any  pump  valves. 
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CONCLUSION 

It  is  the  belief  of  the  writer  tliat  the  comparison  of  experi- 
ment and  theory  in  the  preceding  pages  has  demonstrated  the 
practicability  of  the  logical  design  of  a  hydraulic  ram  for  any 
given  working  conditions'.  There  are,  to  be  sure,  cert^n  con- 
stants entering  in  the  formulas  which  require  experimental 
determination.  Most  of  these  are,  however,  fairly  well  known 
already,  saeh  as  f,  m,  m„  etc.  Some  are  as  much  needed  for 
othexclassesof  pumps  as  for  the  hydraulic  ram,  viz:  0,  c',  m'  and 
the  slip  s'.  There  is  but  one  factor,  C,  which  is  useful  to  the 
ram  only,  and  this'  can,  by  a  properly  designed  waste  valve,  be 
reduced  to  nearly  unity.  Experiments  are  now  in  progress  to 
determine  C,  and  when  determined  equation  (22)  will  take  the 
form: 

v'=? ^-  (65 

Due  to  the  fact  that  the  formulas  are  perfectly  general  In 
their  derivation,  there  is  every  reason  to  believe  that  they  wxtuld 
agree  as  closely  with  Uie  experimental  results  obtained  wiUi 
ai^  other  ram  as  with  the  one  used  in  these  experiments. 

If  there  is  any  reason  whatever  tending  to  limit  the  size  and 
capacity  of  the  hydraulic  ram,  it  is  the  practical  dif&culties 
which  might  be  encountered  in  the  design  of  valves.  It  is  be- 
lieved that  these  are  no  more  insurmountable  than  those  encount- 
ered in  the  design  of  valves  for  other  pumping  engines  of  large 
size. 

We  have  made  no  attempt  to  discuss  the  basis  for  true  eo(h 
nomioal  design  which  involves  first  cost  as  well  as  operating  et- 
fiweni^.  This  is  a  problem  to  be  separately  investigated  fOT 
ea«b  particular  case. 
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INDEX  TO  NOMENCLATURE  USED  IN  FORMULAS. 


A    =  Cro88-sectional  area  of  the  drive  pipe. 

a     =  c'  —  D 

&T    =  Area  of  the  waste  valve  opening  considered  as  an  orifice. 

b     =  c'  +  D 

C  =  Proportion  of  the  maximum  velocity  V  which  is  con- 
served in  closing  the  valve. 

c     =  Coefficient  of  discharge  of  the  waste  valve. 

c'  =  Loss  of  head  through  the  check  valve  per  unit  rate  of 
flow,  (equals  3.52  feet  per  foot  of  velocity  in  a  two- 
inch  drive  pipe  or  1.76  feet  loss  of  head  per  pound  of 
water  flowing  through  the  valve  in  one  second,  for 
the  checli  vatve  used  in  these  experiments). 

D     =  1^0 '•  -Imh 


D'   =  v'imh-c-' 

d     =  Diameter  of  the  drive  pipe  in  feet. 

E    =  Efficiency  during  acceleration  period. 

E'  =  Efficiency  during  retardation  period. 

Em  =  Efficiency  of  the  machine,  or  total  efficiency. 

e     =  Base  of  natural  system  of  logarithms  =  2.71828. 

e'    =  thickness  of  the  pipe  wait. 

f      =  Friction  factor  for  the  drive  pipe, 

f         is  defined  by  the  equation: 

g     =  Acceleration  due  to  gravity. 
H    =  Supply  head  (Figure  1) 

h     =  Head  pumped  against  or  pumping  head  (Figure  1) 
h,    =  Head  in  drive  pipe  at  waste  valve  durii^  acceleration, 
h'    =  loss  of  head  through  check  valve. 
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K    =  Volumnar  modulus  of  elasticity  of  water. 
2mv' 


"  Suit'  +  a 


1      =  Length  of  drive  pipe. 

M    =  ^  (Summation    of    loss    coefficients);     where    friction 
through  check  valve  varies  as  v', 
or,  loss  of  head  in  drive  pipe  and  valve  = 
|l  +  ti+m,+m,+m'|A. 

m    =(nii+n'i  +  'j  +c'a'  '2k  ^""^   acceleration    jieriod   or  = 

( 1  +  m,  +  m,  +  (  ,-  js-  for  the  retardation  jwriod. 
m'  =  Coefficient  of  loss  througli  tlie  check  valve  where  this 

loss  varies  as  v',  i.  e.,  where 

lost  head  =  '"'  2i 
m,  =  Entrance  loss  coefficient. 

TO,  =  Coefficient  of  loss  due  to  elbows  and  obstructions. 
N    =  Number  of  strokes  recorded  by  the  tachometer  iluring 

one  run. 
n     =  Strokes  per  minute. 

P     =  Water  hammer  pressure  in  pounds  per  square  inch. 
Q    -  Water  wasted, 
■q     =  Water  pumpetl. 
q,    =  Discharge  per  second  through    waste  valve  (and  hence 

through  drive  pii)e). 
R    =  Rate  of  decrease  of  area  a  iu  square  feet  per  second  as 

the  valve  closes, 
r     =« 

S     =  Total  distaoce  moved  by  a  cross-.section  of  the  water 

column  during  a  perio<l. 
8     =  Distance  move<l  by  the  water  column  in  the  drive  pipe 

in  time  t  after  oiwning  or  closing  the  waste  valve. 
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s'  =  Slip  through  the  check  valve  per  stroke  expressed  in 
terms  of  number  of  feet  of  drive  pipe  fiited  by  the 
water  thus  lost. 

t  -  Time  elapsed  after  beginning  of  the  period  under  discus- 
sion. 

To  =  Time  waste  valve  remains  closed. 

To  =  Time  waste  valve  remains  open. 

V  =  Maximum  velocity  of  water  in  the  drive  pipe  (equals 

velocity  at  time  of  closure  of  the  waste  valve). 

V  =  Velocity  of  water  in  the  drive  pipe  at  time  t. 

v'    =  Initial  velocity  in  the  drive  pipe  after  closure  of  the  waste 

valve, 
v»    =  Velocity  of  discharge  from  the  waste  valve. 
W   =  Weight  of  water  required  to  till  the  drive  pipe. 
W    =  Weight  of  a  cubic  unit  of  water  =  62.6  pounds  per  cubic 

foot. 
_  Smg'  +  c' 

R  K^' 

A     -  Velocity  of  wave  motion  along  the  wat«r  in  a  pipe. 
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INVESTIGATION    OF    FLOW   THROUGH    LARGE 
SUBMERGED   ORIFICES  AND  TUBES 


INTBODrOTION 

The  rec«it  conatruetion  of  large  works  in  connection  with  the 
various  lines  o£  Hydraulic  Engineering  has  emphasized  the  need 
of  further  experimental  knowledge  concerning  the  losses  of 
head  resulting  from  various  forms  of  resistances  interposed  in 
flowing  streams  of  considerable  size.  The  loss  of  head  resulting 
from  the  flow  of  water  through  submerged  gates,  tubes  and 
orifices  of  twnsiderable  size,  and  with  various  forms  of  entrance 
and  outlet  is  one  of  the  most  important  divisions  of  the  general 
subject  which  needs  experimental  investigation.  Practically  the 
only  reliable  experimental  data  available  concerning  the  flow 
of  water  through  large  orifices  is  given  in  a  valuable  paper  by 
Mr.  Theodore  G.  Ellis,  entitled  "Description  and  Results  of 
Hydraulic  Experiments  with  large  Apertures  at  Holyoke,  Mass- 
achusetts/' and  printed  in  the  Transactions  of  the  American' 
Society  of  Civil  Engineers,  Volume  V,  1875.  Mr.  Ellis  deter- 
mined the  loss  of  head  for  Qow  through  apertures  which  were 
two  feet  square,  and  two  feet  by  one  foot,  when  discharging 
freely  into  the  atmosphere.  He  also  made  a  very  few  experi- 
ments on  the  loBs  of  head  for  flow  through  submerged  apertures 
one  foot  square  and  one  foot  in  diameter  under  heads  from  two 
feet  to  fifteen  feet.  In  nearly  all  the  experiments  of  Mr.  Ellis, 
the  thickness  of  the  edge  of  the  apertures  remained  constant, 
about  one-half  inch  for  wood  and  one-fourth  inch  for  iron,  and 
perfect  contractions  of  the  emerging  stream  were  supposed  to 
take  place  on  all  sides  of  the  iiperturc.  In  the  single  ease  of 
the  aperture  one  foot  square,  the  entrance  was  subsequently 
modified  so  as  to  have  a  curved  approach  on  all  four  sides,  antl 
the  resulting  coefficients  of  discharge  were  determined. 
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In  the  experiments  at  the  University  of  "Wisconsin,  described 
in  the  present  paper,  the  croes-section  of  the  orifice  or  tube  has 
been  kept  constant,  being  four  feet  square,  and  the  effects  of 
changing  the  length  of  the  tube  and  of  modifying  the  entrance 
conditions  by  curved  approaches  on  one,  two,  three  and  four 
sides  respectively,  for  each  of  the  various  lengths,  have  been 
studied. 

In  future  experiments  on  this  subject  at  the  University,  it 
is  planned  to  determine  the  coefficients  of  discharge  for  sub- 
mei^ed  tubes  and  orifices  of  various  forms  and  areas  of  cross- 
section,  with  and  without  entrance  and  outlet  modifications.  It 
is  intended  that  the  experiments  when  completed  will  fairly 
covered  the  field  of  investigation  laid  out  and  it  is  hoped  that 
the  results  will  be  of  material  aid  to  the  Engineering  Profession. 

The  writer  desires  to  acknowledge  the  services  of  Mr.  J.  R. 
Sherman  and  Mr.  W.  A.  Gattiker,  who  have  aided  him  by  care- 
ful work  on  the  computations,  and  by  suggestions  in  regard  to 
the  arrangement  of  the  subject  matter  described  in  the  bulletin. 

SUPPLY  OP  WATER 

The  experiments  were  made  at  the  new  Hydraulic  Laboratory 
of  the  University  of  Wisconsin,  located  on  the  fchore  of  Lake 
Mendota,  which  furnished  an  abundant  supply  of  fresh  water. 
Exceptional  facilities  were  afforded  for  experiments  on  a  large 
scale,  and  care  was  taken  that  errors  of  observation  should  be 
reduced  to  as  small  a  percentage  a*,'  possible.  Plate  I  is  a  plan 
of  the  Laboratory,  showing  the  main  features  and  arrang^nent 
for  the  experiments.  The  water  was  taken  from  the  lake  by 
a  suitable  inlet  and  raised  about  twelve  feet  by  means  of  a  30 
inch  Morris  JIachine  Works.  Centrifugal  Pump,  and  delivered 
into  a  receiving  basin  which  measures  about  fifteen  feet  by 
eighteen  feet  and  ten  feet  deep.  Prom  the  receiving  basin  the 
water  flows'  through  a  flume  ten  feet  wide,  ten  feet  deep  and 
about  sixty-eight  feet  long,  and  may  be  used  for  operating  a 
30  inch  turbine  located  at  the  end  of  the  flume  or  may  be  wasted 
through  gates  underneath  the  turbine,  after  which  the  water 
flows  back  to  the  lake  through  a  tail  race  ten  feet  wide,  as  shown. 
[8] 
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At  the  outlet  end  of  the  tail  race  is  a  sharp  crested  weir  with 
end  contractions  suppressed  and  having  a  length  of  crest  of  tea 
feet. 

Suitable  bafHe  boards  were  inserted  in  the  receiving  ba^n  and 
at  the  entrance  to  the  flume  until  it  was  found  by  trial  that  the 
water  flowed  in  lines  practically  parallel  to  the  sides  of  the  flume. 

DESCRIPTION  OP  BULKHEAD  AXD  SUBMERGED 
TUBES 

The  bulkhead  containing  the  submerged  tube  was  located 
about  twenty-four  feet  from  the  entrance  of  the  ten  foot  channel, 
the  arrangement  being  shown  in  detail  on  Plates  I  and  II.  The 
planks  near  the  bottom  of  the  bulkhead  containing  the  sub- 
merged tube  were  four  and  three-quarters  inches  thick  in  order 
to  give  the  required  strength,  while  those  at  or  near  the  top 
were  three  and  three-quarters  inches'  thick.  In  order  to  have  a 
uniform  thickness  of  three  and  three-quarters  inches  at  the  en- 
trance to  the  tube,  it  was  necessary  to  diminish  the  thickness 
of  the  four  and  three-quarters  inch  planks  around  the  entrance 
to  the  tube.  A  thickness  of  one  inch  and  width  of  seven  and 
one-half  inches,  was  therefore  cut  from  the  up  stream  side  of  the 
thicker  planks,  around  the  entrance  to  the  tube.  The  distance 
seven  and  one-half  inches  was  arbitrar;-,  and  judged  sufBcient 
to  prevent  any  influence  of  the  one  inch  shoulder  on  the  flow 
of  water  through  the  tube.  The  bulkhead  was  thoroughly 
caulked  and  tested  for  leakage  previous  and  subsequent  to  the 
making  of  the  experiments  with  the  submerged  tubes. 

The  plan  followed  was  to  study  the  simple  forms  of  submerged 
tubes,  four  feet  square  with  entrance  having  square  comers,  and 
of  lengths  varj-ing  from  thirty-one  hundredths  feet  to  fourteen 
feet,  finding  the  losses  of  head  and  eoeflfitaients  of  discharge  for 
the  various  rates  of  flow  through  the  tubes.  The  entrances  to  the 
tubes  of  various  lengths  were  then  modified  by  introducing 
curved  approaches,  elliptical  in  form,  and  thus  suppressing  the 
contraction  first,  on  the  bottom,  second,  on  the  bottom  and  one 
aide,  third,  on  the  bottom  and  two  aides,  and  fourth,  on  the  bot- 
tom, two  sides  and  top.  Plate  III  is  a  sketch  showing  the  various 
forms  of  entrance  and  lengths  of  tubes  used.  The  elliptical  form 
[9] 
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of  the  eun'ed  approach,  see  photograph  Plate  IV  and  details. 
Plate  VI,  was  chosen  to  suppress  the  contraction  because  with  the 
axes  of  the  ellipse  properly  proportioned,  it  answered  the  purpose 
of  gradually  guiding  the  filaments  of  water  into  lines  parallel 


Plate  IV — Elliptical  Fobm  of  the  Cub\-eo  Approach 


with  the  axis  of  the  tiilits  hs  well  as  would  tho  more  complicated 
transition  curves.  Those  cur\'es  of  the  ellipse  with  semi-axes,  aa 
shown,  of  three  feet  and  two  feet,  were  constructed  by  nailing 
wooden  strips  one  inch  by  three  inches  to  elliptical  forms  and 
planing  the  outer  edges  of  the  strips,  until  the  surface  became  a 
smooth  curve.     These  curved  forms  were  held  in  place  by  bracing 

to  the  sides  of  the  ten  foot  channel.  No  attempt  was  made  to 
[101 
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make  the  forms  water  tight  but  care  was  taken  that  they  were  suf- 
ficiently so,  to  prevent  any  cross  currents  from  interfering  with 
the  flow  along  the  surface  of  the  curve  as  it  entered  the  tube. 

The  experiments  on  the  submei^ed  tubes,  with  entrance  hav- 
ing square  comers  and  of  lengtiis  varying  from  thirty-one  hun- 
dredths feet  to  fourteen  feet,  have  been  designated  by  series, 
(Numbers  1  to  7),  the  tubes  being  shown  in  detail  on  Plate  V. 
In  series  Number  1,  the  length  of  the  tube  was  three  and  three- 
quarters  inches,  equal  to  thirt;y-one  hundredths  feet,  the  same  as 
the  thickness  of  the  bulkhead  wail,  the  opening  being  cut  through 
this  wall  at  an  angle  as  near  ninety  degrees  as  possible.  The 
roughness  from  the  effect  of  the  saw  was  taken  off  with  a  smooth- 
ing plane,  but  sand  paper  was  not  used.  The  end  of  the  wood 
was  exposed  at  the  sides  of  the  tube  as  shown  in  the  details'.  In 
Series  Number  2.  the  length  of  the  tube  was  made  equal  to  sixty- 
two  hundredths  feet,  double  the  length  of  Series  Number  1,  by 
adding  wooden  strips  on  the  down-stream  side.  These  wooden 
strips  were  surfaced  and  fitted  closely  to  the  down-stream  edge  of 
the  previous  tube  so  that  the  effect  of  the  joint  was  practically 
eliminated.  In  Series  Numbers  3,  4,  5  and  6,  the  length  of  the 
tube  in  each  case  was  made  double  the  length  of  the  preceding 
series  number,  becoming  respectively  one  and  twenty-five  hun- 
dredths feet,  two  and  one-half  feet,  five  feet  and  ten  feet.  In 
Series  Number  7,  the  length  of  the  tube  was  made  fourteen  feet, 
about  the  extreme  length  possible  with  the  arrangement  of  bulk- 
head and  weir  channels  at  that  time. 

The  outlet  end  of  the  submerged  tube  (with  the  single  excep- 
tion of  the  tube  fourteen  feet  long,  termed  7e')  projected  into  the 
water  on  the  down  stream  side  of  the  bulkhead  and  was  firmly 
braced  to  the  sides  of  the  ten  foot  channel,  the  braces  being  ar- 
ranged in  such  a  way  as  not  to  interfere  with  the  flow  through 
the  tube.  In  the  case  of  the  fourteen  foot  tube  mentioned  above, 
a  light  bulkhead  of  one  inch  boards  was  constructed  at  the  outlet 
of  the  tube  to  the  sides  of  the  ten  foot  channel,  in  order  to  pre- 
vQit  the  return  currents  along  the  sides'  of  the  tube. 

The  various  forms  of  entrance  and  outlet  of  the  submei^ed 
tubes  used  have  been  designated  by  the  subscripts  a,  b,  c,  c'  and 
d,-to  the  particular  Series  Number,  by  which  the  length  is  des- 
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ignated.  Thus  Series  Number  7  refers  to  experiments  on  the 
submerged  tube  fourteen  feet  long  with  entrance  liaving  square 
comers  and  outlet  projecting  into  the  water  on  the  down  stream 
Bide  of  the  bulkhead,  Vhile  Series  Number  7a  refers  to  experi- 
ment on  a  tube  of  the  same  length  but  having  the  contraction 
euppres&ed  on  the  bottom  at  entrance,  the  outlet  conditiMi  re- 
maining the  same.  The  subscript,  c',  has  been  used  to  designate 
the  same  entrance  condition  as  the  subscript,  c,  while  the  outlet 
condition  has  been  varied  by  the  construction  of  a  bulkhead  to 
the  sides  of  the  channel  at  the  outlet  of  the  tube.  For  conven- 
ience of  reference  the  meaning  of  the  subscripts,  a,  b,  c,  c'  and 
d  are  given  in  the  following  table: 


a  donnitream  BldsoTbulk- 
Oatlet:    tube  projMtlDsluto  watetcm  dowuttraam  side  of  boUi- 

~~doUet: 

Eolrance :    conUactioD  sapprvraed  oo  I 
Oatlat;    tabs  proJeetioK  iDto  water 

Entrancfl :    cootraetioD  auppnieiwd  od  bottom  a[._ 

Oatlet:   square  coroere  with  bulkhead  to  eiiiea  of  obaunel  pre- 
rantiog  tbo  K- ' >■.  .;j •  ..i.- ..i.. 


u  dowDBtream  aide  ot  bulk- 


Outlet  ;    tabe  projectlDS  in 


t  along  iha : 

u  dowuBCream  aide  o 


bnlk- 


The  following  table  is  a  summary  giving  the  lengths  and 
forms  of  entrance  and  outlet  used  in  the  experiments  with  sub- 
merged tubes. 

TABLE  II. 
LENGTH  0"'  TDBE8  AND  FORMS  OF  ENTRANCE  AND  ODTLET  DSED  FOB 
EXPERIMENTS  WITH  SUBUERQED  TUBES  4.0  FEET  SgCABE. 
ILLUSTRATED  BV  PLATE  III. 


»£•■ 

Length    ,     Fo«ii  o»  Entbascb  in 

D  Odtlbt  U»ed  With  Sdbhbbqbd 
Tube. 

a 

b 

^.. 



; 

b 

I 

,SSS  ^SS;i^Sf::::::::: :: 

■ 

'' 

" 

•=' 

' 
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Plates  VI,  VII,  VIII  and  IX  show  respectively  the  details  of 
the  submerged  tubes  for  the  experiments  of  Series  Number  la, 
lb,  le.  Id;  Series  Xumbers  4a,  4b,  4c.  4d;  Series  Numbers  5a, 
5b,  5c,  5d  and  Series  Xumbers  7a,  7b,  7c,  7c'.  7d. 
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The  dimensioDs  and  areas  of  cross-sections  of  the  submerged 
tubes  experimented  with  are  given  in  the  following  table. 


0  FBET  SQUABE. 


niHHNSlOM*  or  TUM 

Are* 

SuihNo. 

tube. 

Top.      Bottom. 

!,r 

Left 

side. 

cross- 
•ectlon. 

Inlet  of  aU  wrles 

Outlet  of  wre.  No.   I 

Outlet  of  series  No.  S 

Outlet  of  series  No.  3 

oStlelofMtlHNS:  7;:::,::: 

"1" 

Ft.      1       Ft. 
4000          f.W 

if  i 

li    ;i 

4.000 
4.000 

3880 
3.9Se 

4:000 

Ft. 
.000 

1 
S 

Sq.ft. 
S.9ai 

if 

si 

The  slight  variations  from  the  four  foot  dimensions  in  the 
case  of  Series  Niunbers  3,  4  and  5  were  accidental.  In  the  com- 
putations of  the  coefficients  of  discbarge  (page  318),  the  area 
of  the  croi^-section  has  been  used  as  sixteen  square  feet  in  all 


BESCRIPTIOX  OF  WEIRS 

Three.  Two  and  One-II.\lf  Foot  Sharp  Crested  Weihs 

The  facilities  for  making  a  volumetric  calibration  of  a  weir, 
whose  length  of  crest  is  ton  feet,  were  not  available,  so  the  ex- 
pedient was  used  of  dividing  the  ten  foot  channel  into  three 
similar  ehannelsj.  each  having  a  length  of  about  fifteen  feet, 
and  a  sharp  crested  weir  with  end  contractions'  suppressed  at  the 
end  of  each  channel.  Plates  X  and  XI  are  photographs  taken 
with  a  head  on  the  weirs  of  about  one  and  three-tenths  feet 
and  show  very  plainly  the  arrangement  of  the  three  channels 
of  approach  and  sharp  crested  weirs.  Plate  XI  shows  the  three 
adjustable  still  water  basins  used  for  measuring  the  heads  on 
the  weirs.  In  order  to  form  a  variable  height  of  water  sur- 
face on  the- down  stream  side  of  the  bulkhead  containing  the 
submerged  tube,  the  three  sharp  crested  weirs'  were  made  ad- 
justable in  height,  as  shown  on  Plates  I  and  II.  The  main 
feature  of  the  weirs  consisted  of  a  fixed  bulkhead,  extending 
[16] 
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about  five  feet  above  the  bottom  of  the  channel  and  a  movable 
gate  above  the  bulkhead,  extending  the  full  width  of  the  ten 
foot  channel  and  capable  of  being  raised  or  lowered  by  means 
of  two  hand  wheels,  one  on  each  side  of  the  channel.  The 
crests  of  the  three  weirs  were  made  of  a  single  plate  of  wrought 
iron,  six  inches  by  three-sixteenths  inches,  bolted  to  the  upper 
edge  of  the  movable  timber  gate  and  beveled  on  the  down  stream 
side  of  the  top  edge  to  a  thickness  of  about  one-aixteenth  of 
an  inch.  The  joints  around  the  weir  openings  were  made  water 
tight  by  means  of  gaskets  which  consisted  of  cloth  insertion 
rubber  tubing,  one-half  inch  in  diameter,  the  movable  gate  be- 
ing drawn  against  the  ga&kets  by  means  of  tag  screws  passing 
through  cleats  adjustable  vertically  in  the  timber  frame  sup- 
porting the  bulkhead  and  gate.  These  gaskets  were  horizontal 
at  Qie  top  of  the  fixed  bulkhead,  and  extended  vertically  up- 
wards on  each  side  of  the  weir  openings  to  the  m&ximum  height 
of  water  in  the  channels  of  approach.  Each  of  the  three  weirs 
had  its  own  channel  of  approach,  the  channels  being  about  fif- 
teen feet  long.  The  sides'  of  the  channels  were  lined  with  one 
inch  pine  surfaced  flooring  boards  so  that  all  three  of  the  chan- 
nels of  approach  and  weirs  were  practically  alike,  tiie  only  var- 
iation being  that  of  slight  difference  in  width  of  about  one-half 
inch  in  the  case  of  one  weir.  The  board  linings  of  the  channel 
were  extended  down  stream  from  the  crest  of  the  weir  a  dis- 
tance of  one  and  one-half  feet  and  also  below  the  crest  of  the 
weir  a  distance  of  about  two  feet,  so  that  the  weira  had  their 
end  contractions'  suppressed  and  the  filaments  were  guided  in 
parallel  planes  after  passing  over  the  crest.  The  board  lin- 
ings around  the  crests  of  the  adjustable  weira  had  to  be  removed 
each  time  the  crests  were  adjusted.  These  boards,  attached 
by  counter-sunk  flat  headed  screws,  were  five  feet  long  just 
above  the  crest  of  the  weir  and  extended  up  stream  into  the 
channels'  approach  so  as  to  avoid  making  joints  on  the  vertical 
lines  above  the  crests  of  the  weirs.  The  slight  openings  be- 
tween the  weir  boards  and  the  ends  of  the  boards  lining  the 
channels  were  filled  with  oakum  and  make  practically  water 
tight,  thus  preventing  cross-cur  rents,  which  would  interfere 
with  the  linear  flow  over  the  weir  crest,    A  slight  leakage  be- 
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tween  channels  of  ^proacb  <waa  unavoidable.  The  arrange- 
ment of  the  weirs  with  the  intervening  spaces  of  aboat  eight 
inches  between  the  ends  allowed  free  entrance  of  air  beoeatb 
the  nappes'.  The  measurements  of  beads  on  the  crest  of  the 
weirs  were  made  by  connecting  the  weir  channels  with  still 
water  basins  located  below  tbe  weirs,  as  shown  on  Plates  I  and 
II.  Readings  were  taken  of  the  elevations  of  water  surfaces  in 
the  still  water  basins  by  means  of  accurate  hook  gages.  The 
connections  between  the  weir  channels  and  still  water  basins 
were  made  by  one  inch  wrought  iron  pipes  and  one  inch  rubber 
tubes  as  shown.  The  tubes  were  attached  to  the  still  water 
basins  by  means  of  malleable  iron  unions  and  were  easily  dis- 
connected. By  lowering  the  outlet  end  of  a  tube  and  allowing 
free  circulation  of  the  water,  the  air  in  the  connecting  pipe  and 
rubber  tube  could  be  easily  removed. 

The  connections  with  the  weir  channels  were  made  at  points 
eight  feet  up  stream  from  the  crest  of  the  weire,  five  feet  above 
the  floor  of  the  channel  and  about  two  and  one-balf  feet  below 
the  crest  of  the  weirs.  The  iron  pipes  connecting  with  the 
weir  channels  were  arranged  so  as  to  enter  at  right  angles  to 
the  sides  of  the  channels,  provision  being  made  that  the  inner 
«nds  of  the  pipes  should  be  flush  with  tbe  sides  of  the  channels. 
In  order  to  provide  an  even  surface  for  the  filaments  of  water 
adjoining  the  entrance  to  the  pipes,  to  pass  over,  each  enter- 
ing pipe  was  screwed  through  the  center  of  an  iron  plate,  four 
inches  by  seven  inches'  and  one  quarter  inch  thick,  and  tbe  end 
of  the  pipe  and  surfaee  of  tbe  plate  made  even  by  surfacing. 
The  iron  plates  were  then  set  into  the  wooden  sides  of  the  chan- 
nels until  the  outer  surfaces  of  the  plates  were  flush  with  the 
wood,  the  seven  inch  dimensions  of  the  plates'  being  placed  in 
the  directions  of  the  flow  of  water.  In  order  to  quiet  the  water 
in  the  ehannela  of  approach,  timber  floats  two  and  one-half 
feet  wide  and  eight  feet  long  were  constructed  of  three  inch 
planks  and  floated  in  the  up  .stream  ends  of  the-  channels,  as 
shown  on  Plate  I. 

The  lengths  of  the  crests  of  the  weirs  located  at  tbe  outlets 
of  channels.  Number  5,  6,  and  7.  were  2.505  feet,  2.510  feet  and 
2.544  feet  respectively. 

[20] 
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In  the  series  of  experiments  with  submerged  tubes,  four 
feet  square,  the  desired  range  of  head  on  the  tubes,  zero  to  four- 
tenths  feet,  was  found  possible  without  adjusting  the  height  of 
the  crest  of  the  weirs,  which  remained  constant,  being  equal  to 
seven  and  one-half  feet. 

Before  using  the  weirs  for  purposes  of  measurement,  they 
were  tested  for  leakage  by  boarding  above  the  crests  of  the 
weirs,  to  a  height  of  about  one  and  one-half  feet  and  filled 
with  water.  The  tubular  gaskets  were  very  satisfactory  and 
very  little  additional  caulking  was  found  necessary  to  make  the 
weir  channels  water  tight. 

TEN  FOOT  SH.^BP  CRESTED  WEIR 

The  details  of  the  ten  foot  sharp  crested  weir,  located  at  the 
outlet  of  the  tail  race,  .are  shown  on  Plate  I.  The  end  con- 
tractions were  suppressed,  and  the  height  of  the  crest  of  the 
weir  above  the  bed  of  the  channel  of  approach  was  equal  to 
three  and  seven-tenths  feet.  The  weir  plate  wa^'  perpendicular 
to  the  concrete  side  walls  of  the  channel  of  approach.  On  the 
left  side  of  the  channel  the  concrete  wall  extended  down 
stream  from  the  crest  of  the  weir  and  served  to  guide  the  fila- 
ments of  water  in  parallel  planes.  On  the  right  Mde  of  the 
channel  the  concrete  wall  ended  at  the  crest  of  the  weir,  but  the 
plane  of  the  side  wall  was  produced  do\vn  stream  about  two 
feet  and  also  below  the  cre&t  of  the  weir  a  distance  of  about  one 
foot  by  means  of  a  galvanized  iron  plate.  The  space  below  this 
plate  adjacent  to  the  weir  crest  provided  ample  area  for  the 
admission  of  air  underneath  the  nappe  of  the  weir. 

Heads  on  the  crest  of  the  weir  were  determined  from  the 
readings  of  accurate  hook  gages  located  in  still  water  basins  as 
shown  on  Plate  I.  These  basins  were  connected  with  the  chan- 
nel of  approach  by  one  inch  iron  pipes  at  points  eight  and  one- 
half  feet  up  stream  and  three  inches  below  the  crest  of  tiie 
weir.  These  pipes  entered  the  channel  of  approach  at  right 
angles  and  with  ends  flush  with  the  surface  of  the  concrete  side 
walls.  The  hook  gages  were  designated  a&'  "Right  Side"  and 
"Left  Side"  according  as  they  were  for  readings  of  heads  on; 
the  weir  on  the  right  and  left  sides  respectively.  In  order  to 
[21] 
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quiet  the  water,  baffle  boards  were  constrneted  at  the  entrance 
to  the  channel  of  approach  and  also  a  timber  float  nine  feet 
square  and  three  inches  thick  was  held  in  position  near  the  en- 
trance to  the  tail  ra«e,  an  shown  on  Plate  I.  Simultaneous  read- 
ings were  made  of  heads  on  the  two  and  one-half  foot  weirs  and 
on  the  ten  foot  weir  during  a  portion  of  the  observations  for  the 
purpose  of  comparison  of  individual  measurements  of  flow  with 
computed  results,  and  for  calibration  of  the  ten  foot  weir. 

DESCRIPTION  OF  HOOK   GAGES   AND   STILL  WATER 
BASINS 

The  form  of  hook  gages  used  is  shown  in  detail  on  Plate  XII 
and  by  photograph,  Plat«  XIII.  The  hook  was  fastened  on  one 
end  of  a  brass  tube  about  three  and  one-half  feet  long,  on 
which  were  accurately  marked  one-half  foot  spaces.  The  prin- 
cipal scale  on  the  hook  gage  was  one  foot  long  and  divided  into 
tenths  and  hundredths  of  a  foot.  A  micrometer  screw  with  its 
head  divided  into  one  hundred  parts  made  it  possible  to  obtain 
readings  of  the  elevation  of  the  water  surface  to  thousandths'  of 
a  foot.  A  very  eonvenient  feature  of  the  hook  gage  was  the 
arrangement  of  an  adjustable  frame  which  carried  the  prin- 
cipal scale,  micrometer  screw  and  hook  with  its  tube.  This 
frame  was  adjustable  vertically  by  means  of  a  screw  on 
the  fixed  frame  which  served  to  adjust  the  point  of  the  hook  to 
any  desired  elevation,  as,  level  with  the  crest  of  the  weir  when 
the  readings  of  the  principal  scale  and  micrometer  were  zero. 
The  brass  tube  with  its  hook  could  be  made  of  any  length  de- 
aired,  and  thus  any  change  of  elevation  of  the  water  surface 
within  the  length  of  the  tube  accurately  noted. 

The  hook  gages  were  designed  by  Professor  D.  W.  Mead  and 
made  in  the  Mechanician  Department  of  the  College  of  Engi- 
neering of  the  University,  under  the  direction  of  Mr.  E.  H.  J. 
Lorenz,  to  whom  credit  is  also  due  for  the  perfecting  of  the  de- 
tails of  the  instruments. 

Still  water  basins  twelve  inches  by  twelve  inches  and  twelve 

inches  deep  were  constructed  of  galvanized  iron  and  arranged 

to  be  adjustable  vertically  as  shown  on  Plate  XII.    Holes  one- 
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PuiJE  XIII— View  Showinq  Adjustable  Hook  Gaqe. 
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quarter  inch  in  diameter  and  about  one  and  one-half  inches 
apart  were  made  in  the  side&  of  these  basins,  while  the  ends  and 
bottom  were  left  closed. 

The  gages  in  the  channel,  ten  feet  wide,  were  located  on  the 
center  line  of  the  channel  and  at  points  selected  with  the  object 
of  determining  the  head  on  the  submerged  tube  and  the  slope 
of  the  water  surface,  both  up  streajn  and  down  stream,  from  the 
bulkhead  containing  the  submerged  tube.  The  locations  of  the 
various  hook  gages  are  shown  on  Plate  I,  and  for  conTenience 
of  reference  the  various  distances  of  the  gages  from  the  bulk- 
head and  the  locations  of  the  gages  used  for  given  beads  on  the 
two  and  one-half  foot  weirs  and  the  ten  foot  weir  are  arranged 
in  the  form  of  a  table. 

TABLE  IV 
DATA  FOa  THE  LOCATION  OP  THE  HOOK  QAQES  DBED. 


ForHeadaoD  tbeSnbnieraedTDbAiind  Slope  of  Wstei 


roed  TabA  nnd  Slope  ol 
B  Ten  Foot  Cbsnodl. 


...    17  rest  0  inches  apetream  from  the  balkhead  TODtalnins  laba 

..I    7  feet  OlacbeiupntreBni  from  ihebolhbeiidcoDtiiiiilDE  tube. 

.,  0  feet  i  iDoliee  ntwlream  fmio  Ibe  bnlklieiid  eoniaiulDg  tube. 
.. . '    0  rnet  3  iDObas  downstnam  from  bulkhead  ooncalntDM  tube. 

.,'  8  feats  IneheH  downstruani  fmm  balk  bead  contaiDinK  tube. 
10  feel  0  Inghea  dowDatraam  from  bolkbead  caDtaiiiing  tube. 

. .  I  M  feat  0  inobas  dovrnatraam  from  bulkhead  DoutaiDiDg  tube. 


For  Heada  OP  the  Two  and  Doe-Half  Foot  Welra. 

"Hldhtalde",  .. 
'■LfflsidB- 

For  Heads  oo  the  Ten  Fool  Weir- 

.    Id  xl.ill  water  baeici  eotmeeted  »lih  rlirht  nlda  of  tell  race. 
.    Id  (till  watrrbaeiDCODDecled  vUbleltsideor  tail  rao*. 

DESCRIPTION  OP  DIAL  FLOAT  GAGE 

For  maintaining  a  constant  elevation  of  water  surface  in  the 
canal  leading  to  the  submerged  tube,  a  dial  float  gage  was  con- 
structed, see  Plate  SIV.     The  float  was  made  of  galvanized 
iron,  cylindrical  in  form;  seven  and  oue-hatf  inches  in  diameter 
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and  eight  inches  high.  It  was  guided  verticaHy  by  being  placed 
in  a  wooden  tube,  eight  inches  by  eight  inehes'  inside  measure- 
ments and  ten  feet  long,  the  water  being  admitted  through 
holes  one-quarter  inch  in  diameter  and  spaeed  one  foot  center 
to  center  along  the  center  line  of  the  side  parallel  to  the  direc- 
tion of  tioiv.  A  cord  from  the  float  was  passed  over  a  brass 
pulley  of  one  and  one-eighth  incli  radius  and  whs  connected  to  a 
counterweight.  An  index  hand  seven  inches  long  was  attached 
to  the  axle  of  the  pulley  and  revolved  in  front  of  a  galvanized 
iron  circular  plate  of  eight  inches'  radius.  The  displacement 
of  the  outer  end  of  the  hand  was  thus  about  five  and  one-half 
times  the  change  in  elevation  of  the  water  surface.  The  gage 
was  located  in  the  ten  foot  channel,  aliout  thirteen  feet  up  stream 
from  the  bulkhead  containing  the  submerged  tube,  and  placed 
so  as  to  be  easily  seen  from  the  centrifugal  pump.  It  was  the 
duty  of  the  man  operating  the  pump  to  keep  constant  watch  of 
the  index  hand  and  by  regulation  of  the  throttle  valve  in  the 
pipe  supplying  the  stream  to  the  pump,  to  maintain  the  index 
hand  at  any  given  position.  It  will  be  noticed  that  the  gage 
did  not  indicate  actual  elevations  of  the  water  surface  but  simply 
made  it  possible  to  oteerre  the  fluctuations  in  elevation  so  that 
they  could  be  kept  within  desirable  limits.  The  method  was 
very  satisfactory.  The  maximum  variation  in  elevation  of  water 
surface  with  careful  work  did  not  exceed  three  one-hundredths 
of  a  foot  during  an  experiment  lasting  from  one-hnlf  hour  to  one 
hour. 


CALIBRATION  OP  SHARP  CRESTED  WEIB, 
2.50r.  FEET  LOXG 

End  CoNTR.vcTioNK  Suppressed;  Height  of  Crest  Aito\'E  the 
Bed  of  Ch.\nnel,  7.5  F»:et 

In  order  to  determine  with  accuracy  the  quantity-  of  water 
flowing  through  the  submerged  tube,  it  was  considered  necessary 
to  determine  the  coefficients  of  discharge  of  the  three  sharp 
crested  weirs  for  the  same  conditions  of  flow  as  existed  during 
the  experiments. 
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The  three  weirs  beiog  practically  the  same  with  respect  to 
fonii,  length  and  height  of  crest,  the  channels  of  approach  be- 
ing the  same  in  all  respects  and  of  sufficient  length  to  insure 
flow  parallel  to  the  sides  of  the  channel,  the  three  weirs  would 
then  have  the  same  coefficient  of  discharge  for  any  one  head. 

The  weir  chosen  for  caJibration  was  at  the  outlet  of  weir 
channel  Number  5,  adjoining  the  left  side  of  the  ten  foot  chan- 
nel, as  shown  on  Plates  I  and  II.  For  the  measurement  of  the 
volume  of  water  flowing  in  a  given  time,  a  suitable  measuring 
basin  practically  water  tight  was  provided.  This  measnring^ 
basin  consisted  of  the  space  about  eight  feet  by  ten  feet  just 
below  the  weirs  and  extending  to  the  head  gates  for  the  30  inch 
turbine,  and  also  of  a  space  about  seven  feet  by  twenty-five 
feet,  occupied  by  the  two  weir  channels,  Numbers  6  and  7,  which 
were  made  water  tight  by  means  of  a  bulkhead  built  along  the 
dotted  line,  KLM.  Plate  I.  The  former  space  has  been  termed 
measuring  basin  Number  1^  and  the  latter,  measuring  basin 
Number  2.  An  aperture  about  two  feet  by  six  feet  was  made 
in  the  walls  between  the  two  measuring  basms,  so  the  two  ba&ins 
were  practically  the  same  as  one.  The  maximum  depth  of  water 
allowable  in  the  measuring  basin  was  about  six  feet,  the  water 
above  this  depth  preventing  the  free  entrance  of  air  underneath 
the  nappe  of  the  weir. 

These  two  measuring  basins  were  carefully  calibrated  by  the 
^Titer  previous  to  the  cutting  of  the  lai^e  aperture  which  made 
them  praetieaJly  one  basin.  For  this  purpose  the  weight  of  a 
cubic  foot  of  water  was  assumed  as  sixty-two  and  four-tenths 
pounds,  and  measured  quantities  of  water  of  about  fifty  cubic 
feet  successively  emptied  into  the  basins  until  they  were  filled. 
A  record  of  time  was  also  kept  so  that  allowance  could  be  made 
for  infiltration  and  leakage.  The  infiltration  was  into  measur- 
ing basin  Number  2,  and  resulted  from  having  water  in  the  ad- 
joining ten  foot  channel  so  as  to  reproduce  the  same  conditions 
as  existed  during  the  calibration  of  the  weir.  During  the  cali- 
bration of  the  weir  the  surface  of  the  water  in  the  ten  foot 
channel  varied  from  level  with  the  crest  of  the  weir  to  one  and 
one-half  feet  head  on  the  crest  of  the  weir.  The  height  of  the 
crest  of  the  weir  above  the  bed  of  the  channel  being  seven  and 
one-half  feet,  the  depth  of  the  water  in  the  ten  foot  channel 
[28] 
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varied  from  seven  and  one-half  feet  to  nine  feet.  Correspond- 
ing to  each  of  the  depths,  seven  and  one-half,  eight,  eight  and 
one-half  and  nine  feet  in  the  ten  foot  channel,  measurements 
of  infiltration  into  measuring  basin  Number  2  were  made  for 
the  depths  of  water  in  this  basin  varying  from  zero  to  six  feet. 
From  the  results  of  these  measurements,  curves  representing  in- 
filtration were  platted  for  the  various  depths  of  water  in  the 
ten  foot  channel.  These  curves  were  checked  by  measurements 
subsequent  to  the  calibrations  of  the  measuring  basins  and  weir, 
and  indicated  practically  constant  conditions  of  infiltration.  The 
amount  of  infiltration  varied  from  zero  to  a  maximum  of  three- 
quarters  of  a  cubic  foot  per  minute,  depending  on  the  difference 
of  level  between  the  water  surfaces  in  the  ten  foot  channel  and 
basin  Number  2. 

Measurements  of  leakage  from  basin  Number  1  through  the 
gates  underneath  the  turbine  pit  were  also  carefully  made  pre- 
vious and  subsequent  to  the  calibrations  of  the  measuring  basins 
and  weir.  The  leakage  from  basin  Number  1  varied  from  zero 
to  a  ma^iimum  of  one-half  cubic  foot  per  minute,  depending  on 
the  difference  of  level  between  the  water  surfaces  in  basin 
Number  1  and  the  tail  race.  As  the  time  interval  required  for 
calibrating  each  of  the  measnring  basins  was  about  one  and  one- 
half  hours,  the  corrections  for  infiltration  and  leakage  were 
very-  necessarj'.  The  results  of  the  calibration  of  the  measur- 
ing basins  showed  an  average  of  81. i  cubic  feet  for  each  foot 
of  rise  in  basin  Number  1,  and  an  average  of  142.9  cubic  feet 
for  each  foot  of  rise  in  basin  Number  2. 

To  indicate  the  depths  of  water  in  the  measuring  basins,  two 
float  gages  were  used,  one  located  in  each  compartment,  as  shown 
on  Plate  1.  These  fioats  were  made  of  galvanized  iron 
cylindrical  in  form,  seven  and  one-half  inches  in  diameter 
and  eight  inches  high,  each  having  a  rising  stem  about  ten  feet 
long  made  of  one-eighth  inch  iron  pipe.  Fastened  to  the  upper 
end  of  each  stem  was  an  index  which  enabled  readings  to  be 
accurately  made  on  a  graduated  stationary  scale  behind  the 
stem.  The  floats  were  guided  vertically  by  being  placed  in 
wooden  boxes  eight  inches  by  eight  inches  inside  measurements 
and  having  vertical  slot  openings  one  inch  wide  at  each  comer 
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and  extending  throughout  their  length.  The  object  was  to  pre- 
vent, as  much  as  possible,  the  fluctuations  of  the  floats  from  wave 
motion,  and  still  have  sufficient  openings  for  the  water  to  enter 
the  boxes  so  that  the  elevation  of  the  water  surface  in  the  boxes 
would  not  lag  behind  that  outside. 

In  order  to  empty  the  measuring  basins  while  the  water  was 
flowingoverthe  weir,  a  ten  inch  gate  valve  was  placed  inthetim- 
ber  waste  gate  leading  underneath  the  turbine  as  shown'  on  Plates 
I  and  II,  This  valve  not  being  of  sufficient  capacity  to  take  the 
entire  flow  of  the  two  and  one-half  foot  weir,  it  was  necessary 
to  provide  some  further  means  of  wasting  the  water.  For  this 
purpose  a  trough  two  and  one-half  feet  wide  and  one  aad  one- 
half  feet  high  (Plate  II)  was  arranged  to  be  easily  and  quickly 
moved  lengthwise  on  rollers  by  means  of  a  lever,  and  to  inter- 
cept the  sheet  of  water  flowing  over  the  weir  and  carry  it  to  tho 
turbine  pit.  In  placing  the  trough  to  intercept  the  nappe  of 
the  weir,  the  inner  end  wbh  kept  about  four  inches  from  the 
face  of  the  weir  so  as  to  allow  space  for  the  admission  of  air 
underneath  the  nappe  of  the  weir. 

A  set  of  careful  observations  were  made  to  determine  if  there 
was  any  sudden  or  gradual  change  of  head  on  the  weir  result- 
ing from  removing  the  trough  from  the  position  intercepting 
the  nappe  of  the  weir.  For  this  purpose,  an  additional  hook 
gage  was  placed  in  a  still  water  basin  in  the  center  of  the  chan- 
nel and  eight  feet  up  stream  from  the  crest  of  the  weir.  Simul- 
taneous readings  of  this  hook  gage  and  hook  gage  Number  5 
were  made  at  intervals  of  one-half  minute  during  a  period  of 
one  hour,  the  trough  remaining  for  at  lea&t  fifteen  minutes  in 
each  of  the  two  positions,  intercepting  or  clearing  the  nappe  of 
the  weir.  The  comparison  of  the  averages  of  the  observed 
heads  on  the  wfeir  for  the  two  positions  showed  that  there  was 
no  measureable  change  of  head  on  the  weir  resulting  from  the 
change  of  position  of  the  trough.  The  comparison  of  the  aver- 
ages of  the  readings  of  the  two  hook  gages  also  showed  the 
correctness  of  the  method  of  measuring  the  head  on  the  crest 
of  the  weir  by  means  of  the  still  water  basin  located  below  the 
crest  of  the  weir. 

In  making  the  observation^-  for  calibration  of  the  weir,  a  run- 
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ning  stBTt  was  made.  The  head  on  the  weir  was  maintaiaed 
as  nearly  constant  as  possible,  the  readings  of  the  hook  gage, 
Number  5,  taken  at  intervals  of  one-half  minute,  furnished  an 
indication  of  when  conditions  were  suitable  for  starting  an  ob- 
servation. The  water  was  lowered  as  much  as  possible  in  the 
measurine  basin,  the  ten  inch  waste  valve  closed,  and  the  trough 
for  carrying  the  waste  water  rolled  back  so  as  to  be  clear  from 
the  nappe  of  the  weir.  The  readings  of  the  float  gages  were 
then  taken  simultaneously  with  the  starting  of  the  stop  watch. 
When  the  measuring  basins  were  filled  to  a  depth  of  about  six 
feet,  readings  of  the  float  gages  were  again  taken  simultaneously 
with  the  stopping  of  the  watch.  The  hook  gage  giving  the  read- 
ing of  the  head  on  the  crest  of  the  weir  was  read  at  intervals  of 
one-half  minute  for  at  least  five  minutes  previous  to  the  experi- 
ment and  then  at  intervals  of  one-half  minute  during  the  ex- 
periment. The  following  table  is  a  summary  of  the  results  of 
the  observations  for  calibration  of  the  weir.  The  values  in 
columns  Number  5  and  6  are  the  rise  of  water  in  the  meauring 
basins  Number  1  and  2,  respectively.  Column  Number  7  gives 
the  volume  of  water  flowing  into  the  basins  in  the  given  time  in- 
terval. Columns  Number  8  and  9  give  the  necessary  data  for 
the  calibration  of  the  weir. 
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The  total  rise  of  water  in  the  measuring  basin  being  about 
four  feet  in  each  case,  and  the  measurement  of  this  rise  being 
correct  within  about  ±.02  feet,  the  percentage  error  of  a  single 
measurttment  of  the  volume  probably  did  not  exceed  about  one- 
half  of  one  per  cent.  The  measurement  of  the  time  interval 
was  probably  correct  within  about  one-quarter  of  one  per  cent. 

The  range  of  head  on  the  weir,  covered  by  the  experiments 
varied  from  sixteen  hundredths  feet  to  one  and  six-tenths  feet; 
but  it  -nas  observed  that  above  one  and  three-tenths  feet  head 
on  the  weir  air  was  drawn  into  the  water  in  the  measuring  basin 
by  the  falling  sheet  of  water,  and  it  was  necessary  to  reject  ob- 
servations for  heads  on  the  weir  above  this  value. 

The  results  of  the  observations  have  been  platted  on  Plate 

XV  as  a  discharge  curve,  the  abscissae  being  equal  to  the  dis- 
charge in  cubic  feet  per  second  and  the  ordinate,'  equal  to  the 
observed  head  iii  feet  on  the  crest  of  the  weir.  On  Plate  XVI 
a  logarithmic  discharge  curve  has  been  drawn,  the  abscissae 
being  equal  to  the  logarithm  of  the  discharge  in  cubic  feet  per 
second,  and  the  ordinates  being  equal  to  the  logarithm  of  the 
observed  head  in  feet  on  the  crest  of  the  weir.  The  center  of  co- 
ordinates of  the  logarithmic  cun-e  corresponds  to  the  discharge 
of  one  cubic  foot  per  second,  and  to  the  observed  head  of  one 
foot  on  the  crest  of  the  weir.  Below  the  logarithmic  value 
corresponding  to  one  and  three-tenths  feet  head  on  the  weir, 
the  results  of  the  observations  as  platted  lie  on  a  straight  line, 
while,  above  this  value  the  platted  points  lie  slightly  below  the 
straight  line.  It  is  pos.iihle  that  there  may  be  a  gradual  change 
in  the  law  of  flow  over  the  weir  as  the  head  increases  above  one 
and  three-tenths  feet,  yet  the  observed  fact  that  air  was  drawn 
into  the  water  in  Ihe  measuring  basin  for  the  higher  heads  is 
partial  evidence  that  the  law  of  flow  remains  practically  the 
same  for  heads  above  one  and  three-tenths  feet  as  for  heads  be- 
low one  and  three-tenths  feet.  Assuming  the  straight  line  as 
representing  the  law  of  flow  over  the  weir  as  expressed  by  log- 
arithmic oo-ordinates,  the  equation  of  the  line  as  platted  on  Plate 

XVI  is: 

Log  Q  =  0.923  +  1.481  log  H 
where  Q  represents  the  discharge  in  cubic  feet  per  second  and 
H  represents  the  observed  head  on  the  crest  of  the  weir.     The 
3— S.  [33] 
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equation  of  the  corresponding  curve  using  natural  co-ordinat«a 
aa  platted  on  Plate  XY  is : 

Q  =  8.38  H'*8i 
or 

Q  =  3.35  L  H>"i 
where  L  represents  the  length  of  the  crest  of  the  weir  in  feet. 

For  the  purpose  of  comparison  of  the  reeolts  of  this  calibra- 
tion with  the  results  obtained  by  using  the  formulae  of  Francis, 
Bazin  and  Hamilton  Smith,  curves  have  been  drawn  on  Plate 
XV.  In  addition  Table  VI  has  been  arranged,  giving  the  diB- 
charge  for  each  tenth  of  a  foot  head  on  the  weir  from  the  results 
obtained  by  using  the  calibration  curve  and  by  using  the  various 
formulae. 


COHPARHON  O?  PLOW  07BR  SHARP  CRESTED  WEIR.  2  SOI  PBBT  LONQ  B1 
VaRIOCD  FOBVnLlE,  AND  UEASUREUENrS  OF  FLOW  BV  C.  B.  STEW- 
ART. 
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Columns  Xuinbers  6.  7  and  8  give  the  percentage  variation 
of  the  results,  bj'  using  the  various  formulae,  from  the  results 
of  the  writer's  calibration  curve.  It  will  be  observed  that  the 
results  obtained  by  uaiug  the  formulae  of  Franeis,  Bazin  and 
the  writer's  calibration  eun-e  practically  agree,  while  the  re- 
sults by  using  the  fonnula  of  Hamilton  Smith  are  considerably 
lai^er.  The  i)ercentape  excess  resulting  from  u&ing  the  for- 
mula of  Hamilton  Smith,  for  heads  on  the  weir  of  one,  two  and 
three  feet.  aiti(miits  n'Si)ectively  to  about  tivc.  ten  and  fifteen 
per  cent.  The  cause  of  this  comparatively  large  variation  by 
using  the  formula  of  Ilamilton  Smith  will  be  considered  in  a 
future  Bulletin  on  "Experiments  on  Flow  of  "Water  over 
"Weirs"  which  is  in  course  of  preparation.  The  close  agree- 
ment of  the  experimental  results  with  the  results  from  using 
the  formulae  of  Francis  and  Bazin  is  evidence  that  the  measure- 
ments of  ttoK  were  carefully  made. 

As  a  further  test  of  the  aeenraey  of  the  measurements  of  flow. 
Q  careful  calibration  was -made  of  the  ten  foot  weir  by  taking 
simultaneous  readinfrs  of  heads  on  the  two  and  one-half  foot 
weirs  and  on  the  ten  foot  weir.  These  readintK'  were  taken 
during  a  portion  of  the  regular  observations  on  the  submerged 
tubes.  The  comparLsons  of  the  individual  measurements  of  flow 
with  the  comjiHted  results.  Hnd  of  the  ri-sultiiiir  ealibrntion  curve 
with  the  theoretical  curves  of  flow  over  the  weir  by  using  the 
formulae  of  Franeis.  Bazin  and  Hamilton  Smith,  furnished  an 
approximate  check  on  the  measured  flow  and  a  basis  for  judg- 
ing of  the  accuracy  of  the  results  of  the  experiment.  The  re- 
.lults  of  the  calibration  of  the  ten  foot  weir  show  ver>'  close  agree- 
ment with  the  computed  results  using  the  formulae  of  Francis, 
Bazin  and  Hamilton  Smith,  and  will  be  considered  in  the  future 
bulletin  on  weirs. 

GENER.VL  METHOD  OP  MAKING  OBSERVATIONS 

The  program  for  observing  was  to  take  the  readings  of  the 
important  hook  gages,  giving  data  for  head  on  the  submerged 
tube  and  heads  on  the  two  and  one-half  foot  weirs,  simultane- 
ous, and  the  others  as  nearly  simultaneous  tt-ltb  these  as  neees- 
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sary  to  give  the  desired  data  as  to  slopes  of  water  surf&eea. 
Qages  Nob  2  and  3,  immediately  above  and  below  the  bulkhead 
respectively,  and  giving  data  for  head  on  the  tube,  were  ar- 
ranged 80  that,  one  pereon  could  take  practically  simultaneous 
readings,  the  eye  glancing  from  one  twater  surface  to  the  other 
while  both  hands  were  free  to  make  the  final  adjustmeuts  with 
the  micrometer  heads.  Gages  Xos',  5,  6  and  7,  giving  data  for 
heads  on  weirs,  were  read  in  succession  by  one  observer  in  the 
order  named,  as  rapidly  as  possible  without  sacrificing  accur- 
acy, the  time  of  reading  the  three  gages  not  exceeding  about  ten: 
seconds.  Gages  Nos'.  1  and  i  were  read  alternately  by  one 
observer. 

The  head  on  the  tube  being  adjusted  to  the  desired  amount, 
a  marker  was  placed  on  the  rim  of  the  dial  of  the  dial  float  gage, 
and  the  desired  elevation  of  water  surface  in  the  channel  leading 
to  the  submerged  tube  maintained  as  nearly  constant  as  possi- 
ble. For  the  experiments  with  the  submerged  tubes  with  lengths 
varying  from  thirty-one  hundredths  feet  to  five  feet,  simultane- 
ous readings  of  gages  Nos.  2,  3,  5,  6,  and  7  were  made  at  inter- 
vals of  two  minutes,  see  table,  page  287,  while  gages  Nos.  1  and 
4  were  rend  alternately  with  these  gages'.  For  the  experimente. 
with  the  submerged  tubes  of  ten  feet  and  fourteen  feet  lengths, 
an  additional  hook  gage  was  placed  at  the  lower  end  of  each 
tube  and  designated  as  gage  No.  4'  and  gage  No.  4"  respec- 
tively; readings  were  made  with  these  gages  at  the  two  minute 
intervals,  simultaneous  with  readings  of  gages  Nos.  2,  3,  4,  5,  6 
and  7.  while  gages  Nos.  1  and  i  were  read  alternately  with  these 
gages.  The  observations  were  continued  for  a  period  of  from 
one-half  hour  to  one  hour,  or  until  certain  that  the  average  of 
the  observed  readings  was  within  the  desired  degree  of  accur- 
acy. 

TABULATED  RESULTS  OF  EXPERIMENTS  "WITH  SUB- 
JIEBGED  TUBES  4.0  FEET  SQUARE 

The  results  of  the  experiments  were  recorded  in  tabular  form, 
the  experiments  of  each  series  being  accompanied  by  a  sketch 
showing  the  principal  dimensions  of  the  tube,  distances  from  the 
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sides  and  bottom  of  the  chaniiel,  and  the  maiimuui  and  mini- 
mum  distances  from  the  top  of  the  tube  to  the  surface  of  the 
water.  These  tabulated  results  giving  the  details  of  the  experi- 
ments irith  observations  at  the  two  minute  intervals,  and  lasting 
about  one-half  hour,  cover  about  one  hundred  pages,  and  were 
considered  too  voluminous  to  be  published.  They  have,  however, 
been  filed  in  the  office  of  the  Department  of  Hydraulic  Engi- 
neering of  the  University,  and  are  accessible  to  any  one  who  dft- 
aires  to  refer  to  the  original  data. 

In  order  to  show  the  character  of  the  original  data,  and  es- 
pecially the  amount  of  the  individual  fluctuations  in  the  water 
surface,  Table  VII  is  given.  Figure  A  shows  the  sketch  to  ac- 
company experiments  Nos.  1  and  6  of  series  No.  5,  experiment 
No,  1,  being  for  a  small  discharge,  and  experiment  No,  6  for 
one  of  the  larger  discharges. 

EXPtRIMHNTS 
SUBMERCtD  TlBE-1.0  FEET  SQUARE. 
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The  readings  from  hook  gages  Nos.  1,  2,  3,  and  4,  4'  and  4", 
gave,  when  the  proper  corrections  were  applied,  the  elevationB 
of  the  water  surfaces  at  the  respective  gages  above  an  assumed 
datum.  This  reference  plane  of  zero  elevation  was  the  bottom 
of  the  ten  foot  channel  just  above  the  bulkhead  containing  the 
tube.  The  readings  from  hook  gages  Nos.  5,  6  and  7  gave  the 
heads  on  crests  of  the  respective  weirs  located  in  the  weir  chan- 
nels Noe.  5,  6,  and  7.  These  readings  when  corrected  by  a  cer- 
tain constant,  gave  the  elevation  above  the  reference  plane  of 
the  surface  of  the  water  at  the  poinU  of  measuring  the  heads  on 
the  weirs.  In  order  to  obtain  the  fall  in  the  water  surface  be- 
tween the  points  of  the  respective  gages,  it  was  necessary  to  use 
simultaneous  observations  taken  at  the  respective  points  con- 
sidered. Thus  to  obtain  the  fall  in  the  water  surface  between 
gages  Nos.  1  and  2  (see  Table  VII),  it  will  be  observed  that  the 
readings  of  gage  No.  1  were  taken  simultaneous  with  those  of 
gage  No.  2,  which  correspond  with  the  odd  numbers  1,  3,  5, 
etc.  The  fall,  computed  from  each  individual  pair  of  obser- 
vations, has  been  tabulated  under  the  column  "Fall,  (gage  No. 
1 — gage  No.  2.)"  The  average  fall  between  gages  Nos.  1  and 
2  during  the  set  of  readings  corresponding  to  any  experiment 
number  was  obtained  by  taking  the  average  of  the  individual 
values  in  this  column.  The  average  of  the  observations  at  gage 
Niunber  2  which  were  taken  simultaneously  with  the  observa- 
tions at  gage  Number  1  have  been  designated  in  the  summary 
below  the  table  as  "Average  of  readings  Nos.  1.  3,  5,  etc."  The 
difference  of  the  average  of  the  simultaneous  readings  at  the  two 
gages  should  agree  with  the  average  of  the  individual  differ- 
ences of  gage  readings  and  furnished  a  check  on  the  arithmetical 
work. 

For  the  fall  in  the  water  surface  between  gages  Nos.  2  and 
3,  each  of  the  pairs  of  observations  were  simultaneous,  and  the 
differences  of  the  readings  have  been  recorded;  for  the  short 
tubes.  Series  Noe.  1  to  5  inclusive,  as  "Observed  head,  h',  on 
tube."  The  average  elevations  of  water  surfaces  at  these  gages 
were  determined  from  the  values'  designated  in  the  summary  he- 
low  the  table  as  "Average  of  all  readings." 

For  the  fall  in  the  water  surfaces  between  gages  Nos.  3  and 
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4,  the  readings  of  gage  No.  3,  which  were  simultaneous  with  the 
readings  of  gage  Xo.  4,  correspond  with  the  even  numbers  2,  4, 
6,  etc.  For  determining  the  average  of  the  readings  of  gage 
No.  3  to  be  used  in  connection  with  the  average  of  the  readings 
of  gage  No.  4,  the  term  "Average  of  readings  Nob.  2,  4,  6,  etc." 
was  used. 


SmniABT  SHEET,  SHOWING  RESULTS  OF  EXPERI- 
MENTS WITH  SUBMERGED  TUBES  4.0  FEET 
SQUARE 

In  the  preliminary  computations  of  the  results  of  the  experi- 
ments, the  head  due  to  velocity  of  approach  to  the  tube  was 
neglected,  and  the  observed  head  on  the  tube,  termed  h',  was 
taken  as  the  difference  of  level  between  the  surface  of  the  water 
just  above  the  bulkhead  containing  the  submerged  tube  and  the 
surface  of  the  water  at  the  outlet  of  the  tube,  (See  discussion, 
page  319),  For  the  tubes  of  lengths  from  thirty-one  hundredths 
feet  to  five  feet,  the  observed  head,  h',  has  been  taken  as  the  fall 
in  water  surface  from  gage  No.  2  to  gage  No.  3.  While  for  the 
tubes  of  ten  and  fourteen  feet  lengths,  ttie  observed  head,  h',  has 
been  taken  as  the  "Fall,  (gage  No.  2 — gage  No.  3),"  plus  the 
fall  of  the  water  surface  from  gage  No.  3  to  the  end  of  the  tube. 

In  some  of  the  experiments  the  gage  at  the  lower  end  of  the 
tube  was  not  read,  and  in  order  to  determine  the  fall  of  water 
surface  from  gage  No.  3  to  the  lower  end  of  the  tube,  curves 
of  fall  were  platted  from  the  data  taken.  The  observations  giv- 
ing the  fall  of  the  water  surface  from  gage  Xo.  3  to  the  end  of 
the  tube,  or  "Fall  (gage  No.  3 — gage  No.  4')"  and  "Fall, 
(gage  No.  3 — gage  No.  4")"  have  been  platted  on  Plate  XVII 
and  curves  drawn  which  showed  the  relation  of  fall  in  water 
surface  to  discharge.  In  determining  the  fall  in  the  water  sur- 
face from  gage  No.  3  to  the  end  of  the  tube,  to  he  %tsed  in  the 
compuiailons .  values  {nnn  these  curves  were  itsed  in  prefer- 
ence to  observed  fall,  as  it  was  considered  that  the  results  woald 
be  more  unifonn.  The  observed  head  obtained  by  adding  these 
values  to  the  "Fall,  (gage  No.  2 — gage  No.  3)  "  ^^as  termed  h". 
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PLATE     XVII. 


DISCHARGE  CU  FT.  PER  SECOND. 
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Table  VIII,  preceding,  is  a  summary  sheet,  showing  the  re- 
sults of  the  experiments  collected  for  reference.  The  greater 
portion  of  the  table  will  be  intelligible  from  the  headings  of 
the  several  columns  without  further  explanation.  The  eleva- 
tions of  the  M^ater  surfaces  at  the  various  gages  is  referred  to  a 
common  datum.  The  plane  of  zero  elevation  being  the  bottom 
of  the  channel  just  above  the  bulkhead  containing  the  submerged 
tube.  The  average  fall  in  the  water  surface  between  the  vari- 
ous gages  is  given  in  columns  8  to  13  inclusive.  Negative  val- 
ues for  fall  represent  a  rise  or  increase  of  elevation  of  the  water 
surface.  Column  13  gives  the  fall  in  water  surface  from  gage 
No.  3  to  the  lower  end  of  the  tube,  the  values  being  taken  from 
Plate  XVII.  Columns  14  and  15  give  values  of  the  average 
observed  head,  h'  or  h",  on  the  tube.  Column  16  gives  the  dis- 
charge through  the  tube  and  was  determined  from  readings  of 
beads  on  the  three,  two  and  one-half  foot  weirs.  Columns  17 
and  18  give  values  of  the  coefficient  of  discharge,  C,  computed 
by  using  the  heads,  h'  and  h",  respectively.  For  the  tubes  of 
length  from  thirty-one  hundredths  to  five  feet  inclusive,  values 
of  the  observed  head,  h',  column  !)  to  14.  have  been  used  for 
computing  the  values  of  C.  For  the  tubes  of  ten  and  fourteen 
feet  length,  values  of  C  have  been  computed  by  using  values  of 
both  h'  and  h",  (columns  14  and  15  respectively.)  where  data 
are  available,  for  purposes  of  comparison.  For  the  platting  of 
«ur\'es  preference  has  been  given  to  the  values  of  C  as  copi- 
puted  by  using  values  of  h".  These  values'  of  the  coefficient  of 
discharge  represent  the  ratio  of  the  average  velocity  in  the 
cross-sectional  area  of  the  tube  to  the  velocity  due  the  head  on 
the  tube. 
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CfRVES   SllOWIXa  AVERAGE  RESULTS  OF   EXPEBI- 

MENTS  WITH  ST'BJIERGED  TUBES    4.0  PEET 

SQUARE 

Effect  op  Cir.VNGiNti  the  Length  op  Tubes 

1,  Entraiu-e,  Square  Corners  with  full  Contraction: — The 
results  of  the  experiments  on  the  submerged  tubes  of  various 
lengths  and  having  entrance  square  corners  are  illustrated  by 
Plates  XVIII  and  XLX.  Plate  XVIII  shows  the  rela- 
tion of  dlschai^e  through  the  tubes  to  the  toss  of  head,  the  max- 
imum discharge  being  about  fifty  cubic  feet  per  second  and  the 
corresponding  uia>:iiiium  loss  of  head  about  four-tenths  of  a 
foot.  Each  point  as  platted  represents  the  result  of  an  experi- 
ment lasting  about  one-half  hour,  the  data  beinj;  taken  directly 
from  the  Sumuiarj'  Sheet.  Table  VIII.  For  a  given  discharge 
the  loss  of  head  decreases  as  the  length  of  tube  increases,  this 
law  continuing  until  the  length  of  the  tube  equals  about  four- 
teen feet  or  about  three  and  one-half  times  the  length  of  the 
side  of  the  square  cross-section  of  the  tube.     The  curve  repre- 


has  also  been  drawn  for  the  purpose  of  comparison.  Plate  XIX 
shows  the  relation  of  the  coefficient  of  discharge  to  the  loss  of 
head  for  the  various.'  lengths  of  tubes.  Each  of  the  platted 
points  represented  by  a  circle  is  the  result  of  a  single  experi- 
ment lasting  about  one-half  hour,  while  the  points  represented 
by  heavy  Aotn  " ,  ",  three  for  each  curve,  represent  computed 
values  of  the  coefficient  of  discharge  obtained  by  taking  dis- 
charge and  loss  of  head  from  the  average  curves  of  Plate  XVIII. 
These  latter  points  were  given  considerable  weight  in  adjust- 
ing the  curves  as  they  represented  average  conditions  with  ob- 
servational  errors  reduced  to  i 
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2.  Entrance,  Contraction  Suppressed  on  Bottom,  Two  Sides 
and  Top : — The  results  of  the  experiments  under  the  conditions 
stated  and  having  the  various  lengths  of  tube&'  are  shown  on 
Plates  XX  and  XXI.  Plate  XX  shows  the  relation  of  dis- 
ehai^e  through  the  tubes  to  the  loss  of  head.  For  a  given  dis- 
ehai^e  the  loss  of  head  increases  with  the  length  of  tube.  This 
evidently  results  from  the  stream  entering  the  tube  without  con- 
traction and  the  friction  on  the  sides  of  the  tube  producing 
the  increase  in  loss  of  head  as  the  length  of  tube  increases. 
Plate  XXI  shows  the  relation  of  the  coefBcient  of  discharge  to 
the  loss  of  liead  for  the  various  lengths  of  tubes.  In  general 
the  coefficient  of  di&chai^e  decreases  as  the  length  of  the  tube 


Effect  op  Modifying  Entrance  Conditions  op  Tubes 

Plates  XXII,  XXIII,  XIV,  XXV,  and  XXVI  show  the  re- 
lation of  discharge  to  loss  of  head  for  the  length  of  tubes  0.31, 
2.50,  5.00,  10.00  and  14.00  feet,  respectively,  each  length  having 
the  various  entrance  conditions  specified  by  the  subscripts  a, 
b,  c  and  d  as  explained  on  each  plate.  Corresponding  to  each 
of  these  plates  showing  the  loss  of  head  for  the  various  lengths 
and  under  various  entrance  conditions.  Plates  XXVII  to  XXXI, 
inclusive,  have  been  drawn  showing  the  relation  of  the  eoeffleient 
of  discharge  to  loss  of  head.  The  data  for  the  platting  of  tie 
curves  has  been  taken  directly  from  the  summary  sheet,  Table 
VIII.  From  the  results  of  the  experiments  as  represented  by 
the  average  curves,  Tables  IX  and  X  have  been  arranged  giving 
the  results  in  more  oonvenient  form.  Table  IX  gives  the  loss 
of  head  in  feet  for  the  various  lengths  of  tubes,  rates  of  dis- 
charge and  forms  of  entrance  and  outlet  used.  The  coefficients 
of  discharge,  termed  "Preliminary  value  of  coefficient  of  dis- 
charge," Table  X,  are  results  from  using  the  observed  head  on 
the  tube,  no  corrections  being  made  for  velocity  of  approach. 
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L03S  OF  askD  FOR  FLOW  THBODQH  HOBIZONTaL  8UBMEB6ED  TUBE, 
4.0  FEET  SI^UAKE,  FOS  VARIOUS  LENQTHS,  RATES  O^  DISCHARGE 
AND  FORUS  OF  ENTRANCE  AND  OUTLBT. 
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TABLE  X. 
PRELIUINABV  VALUES  OF  THE  " COEFFICIENT  OF  DISCHAHQE"  FOB  FLOW 
THBOaOH  HOBIZONTAL  8UBUESOED  TUBE,  4.0  FE^  8QDABE,  FOB 
VARIOUS  LENOTUB,  LOSSES  OP  HEAD,  AND  FOBUS  OF  ENTBANCE  AND 
OUTLET:  (RESDLTS  TAKEN  FROM  CUKVEB  PLATTED  ON  PLATES  XXVII 
-  XXXIJ  BEAD  DUE  TO  VELOCITY  OF  APPROACH  TO  TUBE  NEOLECTBD 
IN  COMPUTATION. 
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CONCLUSION'S  AND  DISCUSSION  OF  RESULTS  Oi* 

EXPERIMENTS  WITH  SUBMERGED  TUBES 

4.0  FEET  SQUARE 

For  convenience  of  reference  the  sjinbols  nsed  in  tiie  dis- 
cussion, are  collected  and  explained. 

A  =: Cross-sectional  area  of  stream  in  channel  of  approach, 
a  ^  Cross-sectional  area  of  submerged  tube. 
L  :=LeDgth  of  tube. 

D  mLength  of  side  of  square  cross-section  of  tube. 
ft  ^Acceleration  due  to  gravity, 
Q  ^Discharge  in  unit  time. 

V   =Average  velocity  in  cross-sectional  area,  "a." 
h  ^Effective  head  on  the  submerged  tube,  equal  to  oteerved 

head  plus  head  due  to  velocity  of  approach. 
h'=  Observed  head,  equal  to  faU,   (gage  No.  2-gage  No.  3) 

plus  observed  fall,  gage  No.  3  to  lower  end  of  tube. 
(See  remarks,  page  290.) 
h"— Observed  head,  equal  to  fall,    (gage  No.   2-gage  No,   3) 

plus  fall,  gage  No.  3,  to  lower  end  of  tube,  (as  estimated 

from  curve  of  fall,  Plate  XVII). 
C  ^Coefficient  of  Discharge,  as  computed  from  the  general 

formula  Q  =  CaV2gh,  being  equal  to    the    ratio   of 

the  average  velocity  in  the  cross-sectional  area  of  the 

tube,  to  the  velocity  due  the  bead. 


1 


^^Coefficient  of  loss,  in  formula,  h=^m  ^- 


In  the  preliminary  computations  of  results  of  the  experi- 
ments it  was  thought  best  to  neglect  the  head  due  to  the  velocity 
of  approach  to  the  tube,  for  the  reason  that  the  cross-sectioos 
of  the  stream  in  the  channel  of  approach  immediately  above  the 
entrance  and  just  below  the  outlet  of  the  tube  were  practically 
the  same.  The  observed  head,  h'  or  h",  was  taken  as  the  dif- 
ference of  level  between  the  surface  of  water  just  above  the  bulk- 
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head  containing  the  submerged  tabe  and  the  surface  of  the 
water  at  the  outlet  of  the  tube.  In  the  computation  and  plat- 
ting of  curves  for  determining  the  results  of  the  experiments, 
the  coefficiente  of  discharge  have  been  compnted  by  using  this 
observed  head.  Subsequently  it  was  thought  best  to  include  the 
head  due  to  the  velocity  of  approach  to  the  tube,  as  a  part  of  the 
actual  head  on  the  tube.  The  water  surrounding  the  outlet  of 
the  tube  was  nearly  quiet,  there  beting  only  slight  currents  up 
stream  near  the  surface  of  the  water  and  near  the  sides  of  the 
channel,  and  slight  currents  down  stream  along  the  side  of  the 
tube.  The  velocity  head  from  these  currents  was  practically 
zero.  The  including  of  the  head  resulting  from  the  velocity  in 
the  channel  of  approach  seems  necessary,  therefore,  in  order  to 
give  the  eflfective  head  or  the  actual  difference  of  hydrostatic 
pressure  in  feet  of  water  between  the  inlet  and  outlet  of  the 
tube.  The  velocity  of  approach  varied  from  about  one-quarter 
of  a  foot  to  one-half  foot  per  second  and  the  resulting  velocity 
head  from  about  one  thousandth  to  five  thousandths  of  a  foot. 
The  effect  on  the  coefficient  of  discbarge  was  a  variation  of 
from  one-third  of  one  per  cent,  to  about  one  and  one-half  per 
cent.  The  corrected  or  final  values  of  the  coefficients  of  dis- 
cbarge are  given  in  Table  XI,  determined  by  using  the  formula: 
C  (computed  by  using  the  effective  head,  h)  equals  C  (com- 
puted by  usinsr  the  observed  head,  h'  or  h")  multiplied  by 
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VARIOD8  LKNOrHS,  LOS3E3  0F  HEAD  AND  FOBUS  UF  ENfHi__       .   

OUTLET:   HEAD   D0E  TO    VKLOCITV   OP  AP.tlOACH  TO  TUBE  C0N8ID- 
BBBD  IN  COMPOi-ATION. 


k!!d  o™e'l. 

Lbnoth  of  Tube  ih  Pbct. 

Loss  of 

.» 

0..! 

... 

16.0 

... 

i 

■;83i 

Values  or  tlieCnelScieDt,C. 

M 

Squsre  oomers- 
d 

.615 

666 

■1 

1 

■■"■.925" 

■:9i3 

:B37 

V' 

.10 

b 

,919 

6.36 

,» 

.712 
.982 

.761 

'.m 

.89 

.772 

'"-kss" 

.788 

,712 

'*!89B  ' 

.15 

Square  comers 
b 

.eos 

.626 

.est 

.639 

'.■.an 

.786 

.830 

:IIS 

.20 

SqoareoorDB's, 

5 

,eo.-, 

.636 

,812 

.7W 
,70.1 

.786 
.829 

.786 
!89i' ' 

1 

.25 

.995 

:878 
.772 

,6,TO 

.618 

:soi 

.820 

.913 

;     .938 

.917 

.» 

b 

.SIS 

:i8i 
-:«»■■ 

.6SS 

.636 

.T2J 

.789 

.82* 

.841 





>  Sea  pige  322  for  explBnatloD  of  totmi  of 


[73J 


D.qil.zM0lGoOl^lC 


BULLETIK  OF  THE  CSIVEESITi"  OF  'WISCOriSIN 


POBUS  OF  BNTBANCB  AND  OUTLET  DSED  FOR  TDBE3. 

>rDerB:-BDUaooe :  all  comen,  «D>. 

Oatlet:  tube  pruJMtiiiB  lata  vatar  od  dovn  •tnam  aids  of  bulkhead. 
a:-~EiitraDo«:  ooatraatlon  Bapttaaaed  OD  botloiu. 

Oatlst:  tube  projectiDsluto  vaterondowD  •tream  (Ida  or  bolkbead. 
b:— Botraaoa;  ooDtraelioD  auppreaisd  on  bottom  and  one  slda. 

OaCl«t:  tabs prolaotina:  loto  wataroDdown  atrum  eida  of  balkbaad. 
c;— Bntranee:  ooDtcaetloD  aappreued  on  bottom  and  tvo  eldea. 

OatletitabaproJHtiDK  into  water  OD  down  stream  aide  of  balkhead. 

OuUet:  sqaara  oocnnra  with  bnlkhead  to  aides  of  channel  preventing- 
theretornourrent  along  the  aidoB  of  Ihe  tube, 
d:— EotraDoa:  cootraotlon  bupprsBsednn  bottom,  twoaidea  and  top. 

Oatlet:   tube  projactlagiuto  water  on  dowoatream  side  of  bulkhead. 


In  order  to  show  more  plainly  the  results  of  the  successive 
modifications  of  length  of  tube  and  fonii  of  entrance  and  out- 
let used,  Plates  XXXII  and  XXXIII  have  been  arranged  from 
the  data  given  in  Table  X.  Plate  XXXII  shows  the  relation  of 
the  coefficient  of  discharge  to  head  for  each  of  the  lengths  of 
tube  used  and  for  the  various  entrance  conditions.  For  each 
length  of  tube,  it  ia  seen  that  the  coefficient  of  discharge  first  de- 
creases and  then  increases  as  the  head  increases.  The  minimum 
values  of  C  occur  for  a  head  on  the  tube  of  from  0.10  to  0.15 
feet,  while  the  corresponding  average  velocity  through  the 
tube,  given  by  the  formula,  v=Cv'2gli,  varies  from  2.0  to 
2.5  feet  per  second,  the  smaller  value  being  for  the  entrance 
condition  square  comers  (see  values  of  v  marked  on  Plate 
XXXII).  The  experimental  evidence  (see  also  Plates  XXVII 
to  XXXI)  seems  to  he  that  the  coefficient  of  discharge  equals 
unity  for  a  zero  head  for  each  of  the  lengths  of  tube  and  forma 
of  entrance  used.  For  the  short  tube,  Series  No.  1,  length  thir- 
ty-one hundredths  feet  with  entrance  square  comers,  the  co- 
efScient  of  discharge  was  verj-  nearly  constant  for  the  range  of 
heads  five  hundredths  feet  to  four-tenths  feet,  (See  Plate 
XXVII),  while  for  the  same  tube  with  the  contraction  at  en- 
trance partially  and  wholly  suppressed,  there  was  a  marked  in- 
crease in  the  coefficient  of  discharge  as  the  head  increased  above 
fifteen-hundredths  feet.  The  range  of  head  obtainable,  how- 
ever, was  not  sufficient  to  determine  the  slope  of  the  curve  for 
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heads  above  about  three-tenths  feet,  but  it  is  probable  that  for 
heads  above  this  value  the  curve  reverses  slightly  and  gradually 
becomes  horizontal.' 

The  effect  of  modifying  the  entrance  condition  of  the  tube  for 
the  various  lengths  is  shown  by  the  curves  'marked  by  the  sub- 
scripts, a,  b,  c,  c'  and  d.  Each  of  the  respective  forms'  of 
approach  for  the  lengths  of  tubes  used,  has  a  minimum  value 
of  the  coefficient  of  dischai^e  corresponding  to  a  head  on  the 
tube  of  from  one-tenth  to  fifteen-huudredths  of  a  foot. 

Plate  SXXIII  has  been  arranged  to  show  the  relation  of  th« 
minimum  coefficient  of  discharge,  afisumed  as  occurring  at  the 
head  of  fifteen-hundredths  feet,  to  the  length  of  tube  for  each 
of  the  forms  of  entrance.  For  the  tubes  having  entrance  square 
comers,  the  coefficient  of  discharge  increases  at  fiist  almost 
directly  as  the  length  of  the  tube  increases,  then  at  a  gradually 
decreasing  rate  until  a  length  of  tube  of  about  three  to  three 
and  one-half  times  the  side  of  the  square  cross-section  has  been 
reached.  This  increase  of  coefficient  of  discharge,  as  the  length 
of  tube  increases,  evidently  results  from  the  stream  inside  the 
tube  acting  somewhat  as  a  stream  inside  of  a  diverging  tube. 
For  a  submerged  orifice  having  entrance  square  comers,  the 
cross-sectional  area  of  the  stream  gradually  decreases,  after 
leaving  the  plane  of  the  orifice,  until  some  minimum  area  has 
been  reached.  This  stream  flowing  through  quiet  water  tends 
to  communicate  motion  to  the  adjoining  water  and  to  cause  it 
to  move  in  the  same  direction.  When  the  submei^ed  orifice 
takes  the  form  of  a  submerged  tube  with  the  stream  flowing 
through  it,  the  results  of  the  transmission  of  motion  to  the  ad- 
joining water  is  to  cause  a  current  up  stream  inside  of  the  tube 
at  its  edges,  to  take  the  place  of  the  quiet  water  removed.  Fig- 
ure I  shows  the  results  of  observations  made  to  locate  the  up 
stream  currents,  with  tiie  tubes  one  and  one-quarter  and  two 
and  one-half  feet  long.  A  white  string  about  five  inches  long 
was  tied  to  the  end  of  a  stick  and  placed  at  the  outet  of  the 
tube;  then  by  means  of  an  incandescent  electric  light,  which 


D  coefDcl^nt  nr  diBcbarge  as  the  bead  IncreHsea  and 
waa  oMnlred  by  .Mr.  J.  B.  JTanclg  In  bis  eipeM- 
■nd  orlDoes.  the  orltlce  having  a  diameter  of  one- 
loMa]  form.    See  "Lowell  Hydraulic 
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was  lowered  under  the  water,  it  was  observed  that  the  current 
was  up  stream  in  the  portions  of  the  outlet  end  of  the  tube, 
as  shown  in  the  figure.  The  influence  of  the  force  of  gravity 
on  the  shape  of  the  stream  was  shown  by  the  current  being 
up  stream  only  at  the  top  of  the  tube.  "With  the  tube  one  and 
one-quarter  feet  long  and  having  entrance  square  eomera,  the 
current  was  up  stream  tliroughout  the  entire  width  at  the  top 
of  the  tube.  The  depth  in  the  tube  to  which  the  current  up 
stream  extended  was   about    one   inch   at  the   center  and  four 


SKETCH  SHOWING 
UX:ATKm  OF  UPSTREAM  C 

tN  SUBMEROEO  TUBES. 


inches  at  the  corners.  As  the  length  of  the  tube  was'  increased 
to  two  and  one-half  feet,  entrance  having  square  corners,  the 
tube  became  more  nearly  filled,  the  current  up  stream  only  oc- 
curring at  the  upper  corners  as  shown.  The  distance  marked 
S,  Figure  I,  decreased  from  five  inches  to  three  inches  as  the 
discharge  increased  from  twenty-five  to  forty-four  cubic  feet  per 
second.  The  effective  area  for  discharge  at  the  outlet  end  of 
the  tube  was  therefore  increased  by  increasing  the  length  of 
the  tube,  and  abo  for  any  one  length  by  increasing  the  head  on 
tiie  tube.  When  the  length  of  the  tube  became  about  five  feet, 
the  entire  outlet  end  of  the  tube  became  filled  by  the  emerging 
stream  and  conditions  existed  for  the  forming  of  a  region  inside 
the  tube  having  a  less  hydrostatic  pressure  than  the  normal 
pressure  due  the  depth  of  water.  No  readings'  of  this  pressure 
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inside  the  tube  were  taken,  but  it  is  intended  to  do  so  before 
completing  the  final  experimental  data  on  submerged  tubes. 
As  the  length  of  tube  increased  to  fourteen'  feet,  a  point  was 
finally  reached  where  the  advantage  from  the  decrease  of  pres- 
sure inside  the  tube  was  balanced  by  the  loss  from  friction  along 
the  side  of  the  tube. 

For  the  tubes  having  the  contraction  at  entrance  entirely 
suppressed  (Series  Nos.  Id  to  7d,  Plate  XXSIII),  the  coeffi- 
cient of  discharge  decreases  gradually  as  tiie  length  of  tube 
increases.  This  evidently  results  from  the  stream  entering  the 
tube  without  contraction,  and  the  friction  on  the  sides  of  the 
tube  producing  an  increase  in  loss  of  head  as  the  length  of  the 
tube  increases. 

The  effect  on  the  coefficient  of  discharge  of  the  partial  sup- 
pression of  contraction  at  entrance,  Plate  XXXIII,  was  very 
similar  for  the  short  tubes,'  having  a  length  of  thirty-one 
hundredths  feet,  /=-  -  .or)  and  for  tubes  whose  length  exceeds 
about  five  feet.  (^['  =  1.25).  Table  XII  showK  a  comparison 
of  results  of  the  partial  suppression  of  contraction  for  the  tubes 

TABLE  SII. 

COMPARISON  OF  THE  RE&ULTS  O"    PiRTIilL  SUPPRESSI01   OP  rONTHAC- 
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of  lengths  thirty-one  hiindredtha  and  fourteen  feet.  The  table 
shows  that  for  corresponding  entrance  conditions,  the  increase 
of  C  for  the  short  tubes  is  about  3.43  times  greater  than  the 
increase  of  C  for  the  long  tubes.  The  results  of 
using  the  entrance  conditions,  a,  b,  c  and  d  for  these  lengths  of 
tubes  amount  respectively  to  an  increase  in  the  co- 
efficient of  discharge  of  about  8,  21,  46  and  100  per  cent,  of 
the  increase  which  would  result  from  having  complete  sup- 
pression of  contraction.  The  numbfers,  5.5,  22.  49.5  and  88, 
varj-  directly  as  the  square  of  the  number  of  sides,  1,  2,  3  and 
4,  on  which  the  contraction  was  suppressed.  The  effect  of 
the  suppression  of  contraction,  thus  varied  practically  as  the 
square  of  the  number  of  sides  corresponding  to  the  entrance 
conditions  a,  b,  c  and  d,  on  which  the  suppression  of  contrac- 
tion occurred.  Taking  x  as  representing  the  number  of  sides 
on  which  the  suppression  of  contraction  occurs,  and  noting  that 
the  order  in  which  the  suppression  was  made  is  represented  by 
the  entrance  conditions,  a,  b,  c  and  d;  the  following  equations 
give  the  niinimuni  values  of  C,  corresponding  to  a  head  of  about 
0,15  feet,  within  about  two  per  cent.: 

For  the  tubes  having  a  length  of  two  and  one-half  feet,  the 
result  of  partial  suppres.sion  was  to  make  practically  no  change 
in  the  coefficient  of  diseharge.  The  results'  of  the  experiments 
showed  the  coefficient  of  discharge  for  Series  No.  4a  {Plate 
XXXIII)  to  be  slightly  less  than  the  coefficient  for  Series  No. 
4.  'While  for  Series  Nos.  4b  and  4c  the  value  remained  the 
same  as  for  Series  No.  4.  By  suppressing  the  contraction  on 
the  remaining  side,  (Series  No.  4d)  the  coefficient  of  discharge 
was  greatly  increased  to  the  value  shown.  Figure  I  shows  the 
portion  of  the  outlet  end  of  the  tube  which  was  utilized  for 
dischai^e  in  the  case  of  Series  Xo.  4c.  It  seems  evident  there- 
fore that  by  suppressing  the  contraction  at  the  entrance  on  the 
bottom  edge  of  the  tube,  the  emerging  stream  was  allowed  to 
fall  more  rapidly,  from  the  influence  of  the  force  of  gravity, 
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than  when  the  entrance  conditions  were  square  comets,  the  re- 
sult being  a  blight  decrease  in  discharge  for  a  given  head. 

As  yet  no  experiments  have  been  made  with  the  contraction 
suppressed  on  the  top,  or  top  and  two  sides,  while  the  bottom 
remains  square  comers,  but  it  is  planned  to  do  so  before  the 
completion  of  the  experiments  with  submerged  tubes. 

In  order  to  determine  the  Ioeb  of  head,  h,  for  flow  through 
the  submerged  tube  or  orifice,  it  is  necessary  to  know  the  coeffi- 
cient of  discharge  and  solve.for  h,  in  the  general  formula; 

then 

L'       a'      2k 
or 

The  value  of  p  ,  temied  m,  has  been  called  the  "Coefficient  of 
Loss."  Table  XIII  gives  the  values  of  this  coefficient  as  com- 
puted from  the  values  of  the  coefficient  of  discharge  given  in 
Table  XI. 

The  average  values  of  m,  for  heads'  on  the  tube  of  from  0.05 
to  0.20  feet,  are  given  at  the  foot  of  the  table.  The  maximum 
values  of  m,  occur  for  a  head  on  the  tube  of  about  0.15  feet. 
The  values  of  m  for  the  various  lengths  of  tubes,  entrance  cmi- 
ditions  and  heads  are  shown  in  Plate  XXXII;  while  the  max- 
imum values  of  m  for  the  various  lengths  of  tube  and  assumed 
as  occurring  at  the  head  of  fifteen  hundredths  feet,  are  shown 
in  Plate  XXXIII. 

When  the  submerged  tube  forms  the  entrance  to  a  pipe  or 
tube  of  greater  length  than  ^  =  about  3.5,  and  it  is  desired 
to  determine  the  entrance  loss  from  the  total  toss  as  given;  the 
outlet  loss  for  the  experiments  with  ^  =  3.5,  may  be  safely 
assumed  as  ^.  and  the  value  of  the  entrance  loss  determined, 
from: 

entrance  loss  ^  {^,  —  1^  v 
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TABLE  Xni. 
VALUE  OP  TEE  <' COEPFICIENT  OF  LOSS,"  REPRESENTED  BY  "m."  IN  THE 
rORUDJ^    h=mpi    FOB   FLOW   THBOCGH    HORIZONTAL   SDBMBRQED 
TDUE,  t.O  FEET  JbuARE,  FOR  TARIOD8  LSNOTHB,  LOSSES  OT  HEAD 
AND  FORMS  OF  ENTRANCE  AND  ODTLBT. 


Pornno* 
and  ODtlst. 

LnroTB 

OF  ToBB  la  Fwwt. 

&i 

D.U 

D.a     tM 

... 

s.oo    1  u.o 

.... 

TalDM  of  tb*  Cocffleleat.  m. 

.OS 

Sqauaaoraen. 

s 

1 

.4B 

tM 

IK 

:S 

.71 
.71 

l.U 
LSI 

LSI 

l.U 

iS 



MT 

M 

s 

d 

l:lt 
i:51 

I.H 

t.tt 

i.ai 

II 

.7< 

1 

l.« 

.ffi 

1.19 

l.» 

I.n 

i.sa 

.15 

Bqnare  M>TIM». 

5 

11 
■■!:»■■ 

2.S7 

Z.U 

1:« 

LOS 

I'.n 

1.68 

l.» 

f, 

1.27 

M 

t 

E.» 

1.43 

.01 

lot 
i-.ai" 

S 

M 

i.ei 
"i'.ts 

:S 

.a 

t 
d 

■'i'.w' 

tM 

t.n 

I.M 

i.n" 

i.« 

1.6S 



:::::::: 

i.« 

■m 

SqausaoTDan. 

i 
I 

i:« 

l.U 

,„ 

1.90 

1.81 

1.47 

1,41 

%^» 

b 
d 

1% 

!M 

238 

SI 

.1 

1,71 

il 

i.es 

■■" 

IM 

1.2S 

[81] 


D.qil.zM0lGoOl^lC 


330  BULLETIN  OF  THE  UNIVEEfllTY  OF  WISCONSIN 

Using  the  maximum  values  of  m,  for  length  of  tube  14.0  feet, 
corresponding  to  the  head  on  the  tube  of  0.15  feet,  and  Doting 
that  m  for  outlet  c(Hiditi(n),  o',  was  greater  than  m  for  inlet 
and  outlet  condition,  c,  by  the  amount  of  0.04,  the  following 
values  for  the  entrance  loss  are  obtained: 

Entrance  loss:  square  comers    0.66  — 

Sntrance  loss;  c<Hitraction   suppressed   on   bottom,  .0.62  ~ 
Entrance    loss;    contraction    suppressed    on    bottom 

and  one  side  0.58  ^ 

2g 
Kntrance  loss;   contraction   suppressed  ou  bottom 

and  ttwo  sides  0.49  ^ 

Ekitrance  loss;  contraction  auppreeBed  on  bottom, 

two  sides  and  top 0.32  g- 

The  values  given  above  for  the  entrance  loss  include  the 
friotional  loffi  in  a  length  of  tube  equal  to  3.5D.  Thisi  fric- 
tional  loss  cannot  be  stated  in  the  case  of  the  tubes  with  entrance 
conditions  a,  b  and  c.  In  the  case  of  the  tube,  with  entrance 
condition  d,  coDtracti<Hi  fnUy  Buppressed,  the  data  show  the 
frict^onal  loea  to  be  about  0.11  ^.  leaving  the  entrance  loeB  al<«ie 
as  equal  to  0.21  ^■ 

As  the  head  on  the  tube  increases  above  fifteen  hundredths 
feet,  the  corfficient  of  loss  deereasee.  For  a  head  of  about  three- 
tenths  feet,  the  entrance  Iobb  (including  frictim  in  lengtli  equal 
to  3.5  D)  for  conditiim  square  comeis,  equals  about  0.45  ^. 
For  the  tube  having  contraction  at  entrance  entirely  suppretsed, 
the  entrance  lofis  alone   equals  about  0.10 1~. 

The  longitudinal  profile  of  the  water  surface  may  be  ai^rozi- 
mately  traced  from  the  data  giving  elevatiwis  of  water  Borface 
at  the  various  gages  {see  Table  VII).  At  the  outlet  end  of 
the  tubes  of  ten  and  fourteen  feet  length,  there  was  a  noticeable 
lowering  of  the  water  surface  below  the  normal  level,  the  amount 
[88] 
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d^ending  on  the  dischai^e  (see  Plate  SVII).  About  fifteen 
feet  below  the  ontlet  end  of  the  tube,  there  was  a  rise  in  ele- 
vation of  the  water  surface.  The  average  rbe  as  determined 
from  the  readings  of  gages  Nos,  5,  6  and  7  varied  from  zero 
to  a  maximum  of  about  five-hundredtha  of  a  foot.  With  the 
tubes  ten  and  fourteen  feet  long  and  a  discharge  of  about  fifty 
cubic  feet  per  second,  there  iwas  a  surface  current  up  stream 
above  the  outlet  end  of  the  tube  of  about  one  foot  per  second, 
the  current  gradually  decreasing  after  paa»ng  the  end  of  the 
tabe.  The  rise  in'  water  surface  below  the  outlet  end  of  the 
tube  evidently  resulted  from  partial  recovery  of  the  velocily 
head  of  the  emer^g  stream.  The  amount  of  velocity  head 
recovered  depends  on  the  form  and  size  of  channel  into  which 
the  tube  dischai^es.  The  effective  head  <»i  the  tube,  as  used 
for  determining  C,  depended  on  the  elevations  of  water  sur- 
faces at  the  inlet  and  outlet  ends  of  the  tube,  and  thus  gave  a 
true  measure  of  the  difference  of  pressure  producing  the  flow 
throi^h  the  tube. 


DIAGRAM  FOR  PLOW  THROUGH  SUBMERGED  TUBES 
AND  ORIFICES 

For  convenience  in  using  the  co^Bcients  of  discharge  for  de- 
terminii^  the  loss  of  head  under  vaaious  conditions  the  writer 
has  arranged  the  diagram  Plato  XXXIV,  which  is  a  graphical 
solution  of  the  equations  Q=CaV%b  and  Q=aT. 

The  diagram  is  not  connected  witti  the  experimental  results, 
but  as  stated,  is  simply  a  grB|>hical  solaticm  of  the  equations 
given,  by  means  of  whiich  values  of  b  mi^  be  determined  for 
vaiions  assumed  values  of  Q  and  0. 

The  ordinates  on  the  left  side  of  the  diagram  represent  val- 
uee  of  the  cross-sectional  areas,  a,  and  vary  from  fonr  sqnare 
feet  to  <H)e  hundred  and  twenty  square  feet  The  ahsciflBae 
marked  oa  the  lower  part  of  the  diagram  r^resent  values  of 
the  bead,  h,  on  the  submet^d  tube  or  orifice.  These  values 
of,  h,  have  been  plotted  on  horizontal  lines,  each  line  repreorait- 
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ing  valuea  eorrespondiDg  to  a  certain  value  of  the  coe£Qcient  of 
discharge,  C,  as  shown  on  the  lower  right  hand  part  of  the  i£a- 
gram.  The  abscissae  marked  on  the  npper  horizontal  line  of 
the  diagram  represent  values  of  the  average  velocity,  v,  in  the 
eros-secticHiBl  area,  a,  of  the  orifice  or  tube.  The  oblique  linea 
on  the  upper  part  of  tiie  diagram  represent  values  of  the  die- 
charge,  Q.  The  diagram  is  used  like  an  ordinary  diagram,  hav- 
ing rectangular  coordinates,  except  that  the  line  on  which  the  ab- 
scissae, h,  are  to  be  read  varies  in  position  and  depends  on  the 
value  0. 

The  diagram  may  be  used  in  a  variety  of  iways;  values  of  G 
and  h  may  be  assumed,  as  0=.75  and  h=0.10,  the  vertical 
Hn'e  through  h=;0.10  will  intersect  lines  representing  Q,  any 
value  of  which  may  be  selected,  and  the  corresponding  valae 
of,  a,  determined  by  the  horizontal  line  tiirough  the  point  of 
intersection  of  the  vertical  line  and  the  line  representing  Q, 
as,  for  Q^50,  a;^26.3.  By  producing  the  vertical  lines  to 
the  horizontal  line  on  the  upper  part  of  the  diagram,  values  of, 
T,  majf  be  determined,  thus  for  the  above  example,  v=1.91. 
The  diagram  may  also  be  used  by  assuming  values  of,  a,  and 
Q,  or,  V,  and  Q,  and  the  resultant  values  of,  h,  read  <ai  the  hori- 
zontal lines  corresponding  to  some  value  of  C,  as  shown  on 
the  lower  right-hand  part  of  the  diagram. 

The  diagram  will  be  found  of  special  service  in  preliminary 
study,  where  it  is  desired  to  study  the  relative  effects  of  changes 
in  a  portfon  of  the  equation  Q=CaV2gb,  as  the  effects  on,  h, 
of  certain  changes  in,  C,  for  a  given  area  of  cross-sectiim  and 
disehai^. 
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FOREWORD 


A  rational  basis  for  the  design'  of  an  implement,  tool,  engine, 
or  structure  of  any  kind  is  to  be  desired  above  all  tliiiigs.  Such 
a  basis  is  readily  secured  when  the  forces  acting  on  all  the  parts 
are  easily  analyzed.  There  are,  however,  many  structures  for 
which  it  is  difficult  to  make  an  analysis  complete  enough  to 
separate  all  the  forces  and  determine  the  effects  of  each.  In 
sueh  cases  many  costly  and  sometimes  disastrous  experiments 
form  the  chief  guide  in  determining  a  basis  for  design.  These 
two  methods  are  naturally  quite  opposed  to  each  other,  and  in 
an  endeavor  to  place  steam  engine  design  on  a  better  footing 
and  to  assist  in  brining  theoretical  analysis  and  actual  practice 
in  closer  harmony,  the  investigation  outlined  in  the  thesis  here 
given  was  undertaken. 

Many  of  the  parts  of  an  engine  are  quite  simple.  The  forces 
exerted  on  them  can  be  analyzed  and  their  value  and  line  of  ac- 
tion determined  vrith  little  difficulty.  When  this  is  done,  a  for- 
mula for  the  proper  proportion  of  the  parts  can  be  made  which 
will  agree  very  closely  with  practice.  In  other  eases  it  is  quite 
evident  that  the  analysis  made  is  not  correct  as  its  results  differ 
materially  from  actual  practice.  Strictly  speaking,  there  is  no 
conflict  between  theory  and  practice.  A  difference  sueh  as 
indicated  shows  either  a  wrong  application  of  theory  or  theories 
based  on  false  assumptions.  It  is  hoped  that  in  the  near  future 
we  may  have  more  satisfactory  formulas  than  those  outlined  in 
the  discussion  following.  For  example,  there  is  little  justifica- 
tion in  applying  Enler's  formula  to  the  piston  rod,  as  the  length 
is  so  great  in  proportion  to  its  diameter  as  to  exceed  limits  for 
which  this  formula  can  be  correctly  applied. 

The  charts  given  should  be  of  assistance  to  the  designer  as 

a  cheek  on  his  calculations,  showing  when  his  results  are  near 
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the  minimmn,  average  or  maximum  values  as  foond  from  au 
inspection  of  a  number  of  designs. 

It  must  be  borne  in  mind  that  conditicms  of  practice  often 
require  duplication  of  parts  in  different  engines,  for  example 
the  use  of  one  size  of  pin  or  bearing  on  engines  of  several  dif- 
ferent sizes  in  order  to  decrease  the  cost  of  manufacture.  These 
commercial  requiremenla  will  account  for  many  of  the  apparent 
differences  among  engine  manufacturers. 

It  is  hoped  that  this  little  contribution  which  was  prepared 
under  the  direction  of  the  late  Professor  Storm  Bull,  by  Mr. 
0.  N.  Trooien  as  a  thesis  for  the  degree  of  M.  E.  will  prove  of 
assistance  to  engineers  engaged  in  the  design  of  reciprocating 
steam  engines.  If  it  results  in  a  stimulation  of  an  investigation 
into  modern  methods  of  design  and  in  a  more  rational  basis  for 
proportioning  the  many  intricate  parts  of  a  reciprocating  steam 
engine,  its  purpose  will  have  been  accomplished. 

H.  J.  Thorkelson, 
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CURRENT  PRACnCE  IN  STEAM  ENGINE  DESIGN 


INTRODUCTION 

This  iuvestigatioD  was  undertaken  for  the  purpose  of  adding 
a  little  information  to  the  present  knowledge  of  current  practice 
in  proportioning  steam  engine  parts. 

A  similar  investigation  was  undertaken  at  Cornell  University 
ten  years  ago,  and  by  comparing  the  two  results,  the  trend  of 
progress  in  the  design  of  steam  engines  during  the  last  decade 
may  be  observed. 

Practice  in  proportioning  standard  steam  engine  parts  has 
settled  down  to  certain  definite  values,  which  have  by  long  usage 
in  actual  operation  been  found  to  give  good  and  satisfactory  re- 
sults. This  general  agreement  is  found  to  exist  not  only  in  dif- 
ferent engines  made  by  one  manufacturer  but  also  in  engines 
made  by  different  manufacturers  as  well.  These  values  are  of 
such  a  nature  that  they  can  readily  be  expressed  in  a  formula, 
showing  the  relation  between  the  more  important  factors  enter- 
ing the  problem  of  design. 

Although  these  formulas  are  not  always  mathematically  exact, 
still  they  show  in  an  approximate  way  the  relation  between  the 
more  important  variables  to  be  considered  in  proportioning  en- 
gine parts.  They  may  be  considered  as  partly  rational  aud  partly 
empirical;  rational  in  the  sense  that  the  variables  enter  in  the 
same  manner  as  in  a  strictly  analytical  analysis  and  empirical 
in  the  sense  that  the  constants,  instead  of  being  obtained  from 
assumed  working  strength,  bearing  pressures,  etc.,  are  derived 
from  actual  practice  and  include  elements  whose  values  are  not 
accurately  known  but  require  consideration  which  is  given  by 
assigning  values  that  have  been  found  to  be  safe  and  econom- 
ical. 
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The  formulas  here  given  at  least  show  the  geaeral  trend  of 
practice  and  in  some  cases  will  serve  as  a  cheek  upon  the  "en- 
gineering sense"  and  good  jndgnieiit  of  the  designers. 


METHOD  OF  PROCEDURE 

In  order  to  successfully  carry  out  an  examination  of  this 
nature,  it  was  first  necessary  to  secure  data  as  to  dimensions 
and  weights  in  actual  iLse  which  had  proven  satisfactorj'  in  prac- 
tice. This  required  a  cooperation  of  the  builders  of  the  engines 
examined,  and  in  order  to  better  secure  this  cooperation,  printed 
forms  (see  page  406),  containing  about  150  questions  concern- 
ing the  different  engine  parts  were  sent  to  the  builders  of  the 
clas-ses  of  engines  examined.  A  printed  circular  stating  the 
plan  and  object  of  the  undertaking  was  also  included  as  well  as 
a  personal  letter. 

As  was  expected  the  matter  of  collecting  this  data  presented 
some  difficulty  and  although  all  the  engine  builders  communi- 
cated with  did  not  see  fit  to  fumi.sh  the  desired  information, 
still  data  cnvprinp  a  larjze  hhuiIht  of  engines  and  representing 
many  diflffrent  buildei-s  wriv  securetl.  This  information  repn-- 
sented  sizes  varjing  from  20  to  400  rated  Horse  Power  and  the 
data  secured  were  first  tabulated  and  separated  into  cla.<!ses  and 
subclasses,  the  two  main  classes  being  high  speed  or  quick  revo- 
lution engines  and  low  speed  or  slow  revolution  engines  (the 
latter  class  being  principally  the  Corliss).  Divisions  into  sub- 
classes were  made  in  the  treatment  of  such  parts  as  the  crank 
pin  for  center  crank  and  side  crank  engines,  while  in  dealing 
with  such  parts  as  the  piston  rod  or  crosahead  pin,  no  such 
division  was  thought  necessary. 

The  following  symbols  of  notation  are  used  in  the  formulas 
given : 

D~diameter  of  piston. 
A:=area  of  piston. 
L^:^length  of  stroke. 

p^=unit  steam  pressure,  taken  as  125  lbs.  per  sq.  in.  above 
exhaust  as  a  standard  pressure. 


[8] 

D.qil.zM0lGoOl^lC 


TBOOIBN — 6TEAH  EKOINE  DESIGN  341 

H.  P.=rated  Horse  Power, 
N^revoluticms  per  minute. 
C=a  constant. 
K^a  constant. 

d=^diameter  of  unit  luider  consideration.. 
i^ength  of  unit  under  consideration. 
The  commercial  point  of  eiit-off  taken  at  1/4  of  the  stroke. 
All  dimensions  arc  given  in  inches  unless  otherwise  indicated. 
Other  notation  than  the  above  is  explained  as  used. 
The  general  method   employed  in   deriving  the  various  ex- 
pressions and  in  plotting  the  curves  shown  in  the  cuts  (usually 
straight  lines)  may  be  illustrated  by  referring  to  the  method 
used  in  obtaining  the  formula  for  the  piston  rod  diameter  and 
in  deriving  values  of  the  constants  used, 

PISTON  ROD 

It  was  deemed  best  in  this  case  to  treat  the  piston  rod  as  a 
long  strut,  to  be  designed  for  rigidity,  inasmuch  as  any  consid- 
erable buckling  or  flexure  would  be  very  objectionable,  and  a 
slight  increase  in  diameter,  due  to  this  method  of  treatment, 
would  only  add  toV  e  faclor  of  safety.  Euler's  foniuila  for  long 
columns  was  used.    It  has  the  form 

in  which  E^^modulus  of  elasticity;  I:^moment  of  inertia  for 
the  section;  L=^thc  length  of  the  strut  (in  this  case  the  free 
length  of  the  piston  rod) ;  and  P=the  greatest  load  consistent 
with  stability.  The  value  of  the  constant  K  depends  upon  the 
end  conditions  of  the  strut,  as  to  whether  they  are  fixed  or 
pivoted,  free  or  guided.  In  this  ease  the  piston  rod  was  consid- 
ered as  fixed  at  one  end  and  free  at  the  other,  because  some 
forms  of  guides  are  poorly  adapted  to  resist  lateral  flexure. 
Here 

K  =  1/4 

nr  P     -    I^     ^I 

1   L', 
L|  =  length  of  rod 
P=p^D-;     I=i'fd*;  L,   (in  plotting)  was  taken  equal  to 

[9] 
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the  length  of  the  stroke  Ij.    This  will  merely  change  the  constant 
in  the  final  result.    In  plotting  it  v/aa  found  that 

Li  =  1.8  L  tor  high  speed  engines  and  L^i  =  3.2  L' 
L,  =  1.4  L  for  low  speed  engines  and  Ir^  =  1.96  L' 
Assuming  p  as  a  standai'd  steam  pressure  of  125  pounds  per 
square  inch  and  that  K  =  30,000,000,  the  Euler  formula  will 
take  the  following  form  for  high  speed  engines   (with  L",  = 
3.2  L*}. 

aD"   _  » '  X  30,000,000  X  »  X  d^ 
^^     i  ""  JX».5iL-XM 

»■  X  30,000,tKX) 
therefore  d  -  Mv' ul. 
In  a  similar   manner   for   low   speed   engines    (taking    1/,  ^ 

1.96  L*)  .  ^    , ^ 

d  =  .080  t'UL. 
Both  of  these  expressions  are  for  a  factor  of  safety  of  unity.  The 
equation  used  in  plotting  is 

d  =  c  yuL 
In  plotting  the  curves  for  the  diameter  of  the  piston  rod  for 
these  two  classes  of  engines,  values  of  d  were  used  as  ordinatcs 
and  values  for  full  for  the  same  engine  were  used  as  abscissas. 
Points  located  in  this  way  are  indicated  by  small  circles  in 
Figs.  1  and  2,  and  where  two  or  more  points  derived  from  dif- 
ferent engines  coincide,  a  double  circle  is  used.  All  points  ob- 
tained from  the  engines  of  one  maker  are  connected  by  a  con- 
ventional line.  The  broken  character  of  most  of  these  lines  is 
largely  accounted  for  by  the  fact  that  sizes  usually  run  in  even 
fractional  increments  not  less  than  1/16  in.  and  are  usually  more, 
and  it  is  also  due  to  such  commercial  considerations  as  using  the 
same  size  of  frame,  pins  and  rods  for  different  sized  cylinders 
and  speeds. 

A  heavy  full  line  is  drawn  to  represent  the  average  of  the  ob- 
servations. Ijines  are  also  drawn  to  embrace  the  extreme  points. 
From  the  equations  of  these  lines  different  values  of  C  are  ob- 
tained which  represent  the  average,  maximum  and  minimum 
values  of  practice,  as  shown  by  the  engines  examined. 
[10] 
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Piston  rods  o£  higli  speed  engines,  Fig.  1: 
mean  value  of  G  =;  .15 
maximum  value  of  C  —  .187 
minimum  value  of  C  =  .125 
Piston  rods  of  low  speed  engines,  Pig.  2 : 
mean  value  of  C  =  .114 
maximum  value  of  C  =  .156 
miuimum  value  of  C  ^  .1 
As  the  strength  of  a  long  strut  varies  as  the  fourth  power  of 
the  diameter,  it  is  necessary  to  compare  the  raeau  value  of  C, 
here  obtained,  with  that  obtained  with  a  factor  of  safety  of 
unity  in  order  to  get  the  true  factor  of  safety.  This  is  found  to  be 
/-i^y    —6  for  high  speed  engines,  and    (-IJi)*    =3.25   for 
low  speed  engines. 

CYLINDER 
The  TmcKNESS  op  Cylinder  Wa.  t.  Pig.  3. 

Theoretically  the  thickness  of  a  thin  cylindrical  shell  is  pro- 
portional only  to  the  pressure  which  it  has  to  sustain,  and  the 
internal  diameter  of  the  shell.  In  the  case  of  the  cylinder  wall 
of  a  steam  engine,  this  thickness  is  modified  somewhat  in  order 
to  allow  for  reboring,  and  in  small  engines  it  is  increased  slill 
more  in  order  to  insure  good  eastings. 

Several  methotls  of  expressing  this  thickness  were  tried  but 
none  give  any  better  satisfaction  than  the  empirical  formula 
used  by  Unwin.    It  has  the  form 

t  =  CD  +  B 

where  t  —   the  thieliness  of  the  cylinder  wall;  D  =  diameter  of 
piston ;  and  C  and  B  are  constants. 

From  (he  engines  examined  it  was  found  that  B  ^^  .28  in. 

and  mean  value  of  C  —  .054 

maximum  value  of  C  =  .072 

minimum  value  of  C  =  .035 
No  characteristic  difference  was  found  to  exist  between  high 
speed  and  low  speed  engines. 
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".vr*ii!ir:i 

DiAHETCB  OP  Stod  BOl/TS,  FlQ.  4. 

The  diameter  of  stud  bolts  used  for  the  cylinder  cover  may  be 
expressed  by  the  formula 

d  =  CD  +  B 
when  d  =  diamet«r  of  bolts;  D  =  diameter  of  cylinder;  and  C 
and  B  are  constants. 

mean  value  of  C  =  .04  and  B  =  3/8  in. 
With  only  one  exception  the  smallest  diameter  of  bolts  used  iu 
the  high  speed  engines  was  3/4  in,  and  in  the  Corliss  engine 
the  smaUest  value  was  1  in. 

The  mean  thickness  of  cylinder  flanges  for  holding  cylinder 
covers,  where  these  were  bolted  to  cylinder  flanges,  was  found 
to  be  1.12  times  the  thickness  of  cylinder  wall,  for  botti  high 
speed  and  Corliss  engines. 

The  thickness  of  cylinder  cover  at  center  seems  to  vary  a  great 
deal,  but  for  the  engines  examined  it  may  be  taken  as  2.7.'t  times 
the  thickness  of  the  cylinder  wall  for  high  speed  engines  and 
1.12  times  the  thickness  of  cylinder  wall  for  Corliss  engines. 

The  number  of  stud  bolts  used  for  cylinder  covers  mny  roughly 
be  expressed  by  N  ^  CD 

where  N  =;  the  nnmber  of  bolts 
mean  value  of  C  =  .72  for  high  speed  engines 
mean  value  of  C  =  .65  for  Corliss  engines 
The  least  number  of  bolts  used  for  any  engine  was  found  to  be  6. 

CijEarance  Volume  op  Cylinder 

The  clearance  volume  was  found  to  vary  from  5  to  11%  in 
high  speed  engines  and  from  2  to  5%  in  Corliss  engines. 

Ratio  of  Stroke  to  Cyi.inder  Di.vmetbr 
Ratio  of  length  of  stroke  to  diameter  of  cylinder  in  engines 
having  a  speed  greater  than  200  revolutions  per  minute,  Fig.  5 : 
L  =  CD 
mean  value  of  C  =  1.07 
maximum  value  of  C  —  1,55 
minimura  value  of  C  —    .82 
[15] 
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Ratio  of  length  of  stroke  to  diameter  of  cylinder  in  engines  hav- 
ing a  speed  between  110  and  200  revolutions  per  minute,  Fig.  6: 
L=zCD 
mean  value  ot  C  =  1.36 
maximum  value  of  C  ^:  1.88 
minimum  value  of  C  =  1.03 
Ratio  of  length  of  stroke  to  diameter  of  cylinder  in  engines  hav- 
ing 8  speed  leas  than  110  revolutions  per  minute.     (Corliss  en- 
gines.) Pig.  7: 

L  =  CD  +  B 

B  =  8in. 

mean  value  of  C  ^  1.63 

maximum  value  of  C  =  2,40 

minimum  value  of  C  —  1.15 

PISTON 
Face  of  Piston 

The  relation  existing  between  tlie  width  of  the  face  of  piston 
and  the  diameter  of  the  piston  ean  be  expressed  equally  well  in 
two  ways: 

by  w  ^  CD 
or  by  w  =  CD  -1-  B 
where  w  =:  width  of  piston ;  D  —  diameter  of  piston ;  and  C  and 
B  are  constants. 

Using  w  —  CD 
gives  for  high  speed  engines,  Fig,  8 : 

mean  value  of  C  =^  ,40 
maximum  value  of  C  —  .47 
minimum  value  of  C  —  .30 
For  Corliss  engines.  Fig.  9 : 

mean  value  of  C  ^:  .32 
Using  the  equation  w  :=  CD  +  B 
gives  for  high  speed  engines,  Pig.  8 : 
B  =  1  in. 
mean  value  of  C  ^:  .32 
maximum  value  of  C  =  .40 
minimum  value  of  0  =  .24 
[18] 
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For  Corliss  eugines,  Fig.  9: 

B  —  1  in. 
and  mean  value  of  C  =  .26 
The  box  type  seems  to  be  the  prevailing  form  of  piston.     The 
thickness  of  shell  of  piston  in  high  speed  engines  is  about  .6  of 
the  thickness  of  cylinder  wall,  and  for  Corliss  engines  this  ratio 
is  about  .7. 

Piston  Rings 

The  prevailing  number  of  rings  used  for  the  piston  is  two,  and 
the  rings  are  usually  turned  to  a  diameter  1/4  in.  larger  than 
the  bore  of  the  cylinder. 

Piston  Speei> 

iiiqii  si-eed  engines 

mean  piston  speed  =  605  feet  per  minute 
maximum  piston  speed  =  900  feet  per  minute 
minimum  piston  speed  =  320  feet  per  minute 

CORLISS  ENGINES 

mean  piston  speed  ^^  592  feet  per  minute 
maximum  piston  speed  =:  800  feet  per  minute 
minimum  piston  speed  ^=.  400  feet  per  minute. 

CROSS  HEAD 

Crosshe^vd  Shoes,  Pig.  10 

The  crosshead  shoes  are  usually  designed  to  withstand  a  cer- 
tain unit  bearing  pressure,  and  this  pressure  is  necessarily  pro- 
portional to  the  pressure  on  the  piston.  The  area  of  the  cross- 
head  shoes  which  sustains  the  vertical  component  of  the  force 
transmitted  through  the  connecting  rod  may  be  expressed  by 
the  equation 

a  =  CA 


[23] 
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The  maximum  pressure  S  on  cross  head  (if  the  steam  follows 
up  for  half  stroke)  is  nearly  equal  to 


where  S  =  total  pressure  on  crosshead  shoes;  s  ■=  unit  pressure 
on  erosshead  shoes;  a  =  area  of  crosshead  shoes;  r  =;  length 
of  crank;  L^  ^^  length  of  connecting  rod. 

The  unit  pressure  on  erosshead  shoes  may  be  found  as  fol- 
lows: 


n  =  —  moy  l)e  taken  as  6  for  high  speed  engines  and  5.5 
for  Corliss  engines.  The  value  of  C  wa.s  found  to  be  the  same 
for  both  the  high  speed  and  Corliss  engines, 

mean  value  of  C  —  .53,  Fig,  10 
maximum  value  of  C  ^  ,72 
minimum  value  of  C  ^^  .37 
For  high  speed  engines; 

mean  value  of  s  =;  39.5 
maximum  value  of  s  ^  57 
minimum  value  of  s^=28 
For  Corliss  engines; 

mean  value  of  s  =  43 
maximum  value  of  s  ^^  61 
minimum  value  of  a  :^  32 
While  these  pressures  may  seem  high,  it  will  be  noted  that 
cut-off  usually  takes   place  before   mid-stroke   is   reached.     If 
cut-off  takes  place  at  1/4  stroke  (which  is  considered  as  the  com- 
mercial point  of  cut-off  in  this  examination)   the  steam  pres- 
sure when  at  mid-stroke  will  he  about  1/2  of  its  former  value  at 
this  point.       The  earlier  point  of  cut-off  will  reduce  the  unit 
pressures  to  safe  working  conditions  under  actual  operation, 
[25] 
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Crosshbab  Pin 

Ratio  of  diameter  to  length  of  bearing  part  of  GFOsehead  pin 
in  high  speed  engines.  Pig.  11: 

l  =  Cd 
mean  value  of  C  =  1.25 
maximum  value  of  C  =  1.5 
minimum  value  of   C  =  1.0 
For  Corliss  engines,  Fig.  12: 

i  =  Cd 
mean  value  of  C  —  1.43 
maximum  value  of  C  :^  1.9 
minimum  value  of  C  ^^  1.0 
The  crosshead  pin  may  be  designed  either  for  strength  or  for 
a  definite  unit  bearing  pressure  on   the  projected  area.     For 
strength  the  erosshead  pin  may  1>p  trvated  as  a  fixed  beam,  in 
which  case  we  will  have 

resisting  moment  ^  bending  moment  or 
7r/32fd'  =  1/8  PI 
For  high  speed  engines,  mean  value  of  I  =  1.25  d,  then 
ir/32  fd'  =  1/8  P  X  5/4  d 
orC.d'    =  P  =  pA  ^  pff/l  D* 
and  d  -  CD. 
In  treating  the  cros.shead  pin  for  a  ilcfinite  unit  bearing  pres- 
sure on  projected  area,  the  following  relation  may  be  used. 
d(  ^  KA 
as  before  take  {  =  1.25  d,  then 
1.25  d'  ^  KA  ^  KfT/iD' 
and  d  =  CD  as  before. 

This  gives  the  same  final  expression  for  both  cases  and  the 
equation  d  =  CD  is  used  in  plotting.  As  should  be  expected 
no  difference  was  found  in  the  value  of  C  for  high  speed  and 
Corliss  engines. 

mean  value  of  C  =  .25,  Fig.  13 
maximum  value  of  0  =  .28 
minimum  Value  of  C  =  ,17 
[26] 
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ITsiog  the  mean  value  of  I  =  1.25d  for  the  high  speed  engines 
and  I  =  1.43d  for  the  Corliss  engines,  the  following  are  the 
values  of  K  and  f  respectively: 
For  high  speed  engines: 

mean  value  of  K  =  .10 
maximum  value  of  K  ^  ,15 
minimum  value  of  K  =  ,037 

mean  value  of   £  ^  2,500 
maximum  value  of   f  =  5,400 
minimum  value  of    f  ^  2,000. 
For  Corliss  engines: 

mean  value  of  K:^^.115 
maximum  value  of  K  =  .19 
minimum  value  of  K  =r  .087 
mean  value  of   f  =  2,870 
maxiimura  value  of    f  =^  6,450 
minimum   vahie  of    f  :^  2,300. 

CONNECTING  RODS 

The  method  of  treating  the  coiniecting  rods  is  similar  to  the 
method  employed  for  the  piston  rods.  The  Euler  formula  for 
long  columns  is  used  and  the  coustauts  modified  for  end  con- 
ditions. Ab.  regards  buckling  in  the  plane  of  its  motion,  the 
connecting  rod  may  he  treated  as  having  both  ends  free  but 
guided  in  the  direction  of  the  plane  of  the  motion,  and  the 
formula  becomes 

For  lateral  deflection  the  rod  may  be  considered  as  having  both 
ends  fixed,  and  the  formula  becomes 

where  P  is  the  greatest  safe  load  for  stability ;  E  is  the  modulos 
of  elasticity ;  I  is  the  moment  of  inertia  of  mid-section ;  and  Lb  is 
the  length  of  stmt  (center  to  center  of  connecting  rod). 

From  a  comparison  of  the  above  equations  it  is  seen  that  the 

resistance  of  a  rod  of  circular  cross  section  to  lateral  defiecticm 

[30] 
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is  four  times  as  great  as  its  resistance  to  buckling  in'  the  plane 
of  its  motion  and  hence  it  need  only  be  considered  for  the  lat- 
ter condition.     A  rod  of  rectangular  cross  section  may  buckle 
in  either  plane  depending  upon  the  ratio  of  the  height  h  to  the 
breadth  or  thickness  b,  at  center.     For  the  engines  examined 
the  mean  ratio  of  h  to  b  at  center  of  rods  was  found  to  be  2.28. 
The  relation  of  h^Cb  was  used  in  plotting  Fig.  14. 
mean  value  of  C  =  2.28 
maximum  value  of  C  ^  3.0 
m:nimum  value  of  C  =  1.85 
By  comparing  the  above  formula  for  the  resistance  of  a  rod 
of  rectangular  cross  section,  to  buckling  "in  either  plane  for  a 
given  load,  the  following  relation  holds  true. 
ff'E  ,    _  4)r'E  , 
L»o    "  ~  "L'o      " 
or  lb    =i  h 
where  lb  is  the  moment  of  inertia  of  mid-section  of  rod  about  the 
h  or  shorter  axis  through  center  of  section,  and  It  is  the  moment 
of  inertia  about  the  h  or  longer  ax!s  through  center  of  section 
or  1/12  bh=  =  4/12  b'h 
and   h  —  2b. 
Th!s  shows  that  when  h  =  2b  at  center  for  a  rod  of  rectan- 
gular cross  section,  it  will  have  equal  rigidity  against  buckling 
in  either  plane.     For  the  engines  examined  the  mean  value  of 
b.  ^  2.28  b,  and  hence  thewe  rods  need  be  considered  for  lateral 
deflection  only. 

Connecting  rods  of  high  speed  engines.  Fig.  15  (rectangular 
sections  only). 
These  are  treated  for  lateral  deflection  and 

If  the  rigidity  of  the  rod  is  considered  as  determined  by  the 
breadth  b  and  height  2b,  the  error  will  only  be  on  the  side  of 
safety,  and  then 

I  =  1/12  b'h  =  1/12  b=  X  2b  =  ^ 

and  b  —  .026 VDLl  (for  factor  of  safety  of  luiity) 
[31] 
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The  expression  h^CV^^c  was  used  in  plotting 

mean  value  of  C  =  .073 

maximum  value  of  C  =  .094 

minimum  value  of  C=^.05 

This  gives  a  faetor  o£  safety  of  (-^)'  ^  60 
Connecting  rods  of  low  speed  engines,  Fig.  16  (circular  sec- 
tions only). 

These  are  treated  for  flexure  in  the  plane  of  their  motion  and 
o  -  ..     EI 


r  125  X  ir/iD=  =  n'X 


:)0.0O0,000        ffcM 


and  d  —  .051  Vl'i'c  (for  faetor  of  safely  of  unity) 

The  expression  d  =  CVDLc  was  used  in  plotting. 

mean  value  of  C  ^  .092 

maximum  value  of  C^^.104 

minimum  value  of  C  —  .081 


Thi 


lis  gives  a  factor  of  safety  of  (h^'.)   —  1'- 


Chank  I'in 

The  ratio  of  length  to  diameter  of  eiank  |>in  mav  be  expressed 
by 

For  high  speed  eng'nes,  Fig.  17: 

mean  value  of  C  :=  .87 
maximum  value  of  C^  1.25 
minimum  value  of  C  —  .66 
For  Corliss  engines,  Fig.  18: 

mean  value  of  C  -  1.14 
ma.-simum  value  of  C  -  1.30 
minimum  value  of  C^l.O 
In  treating  the  crank  pin  for  strength  it  was,  in  the  case  of 
center  erank  engines,  taken  a^^  a  simple  beam  having  a  length 
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equal  to  the  distance  between  the  center  lines  of  main  jonmals 
of  the  engine,  and  for  strength 
resisting  moment  =  bending  moment,  or 

1/32  fd'  =  ^ 

where  d  is  the  diameter  of  the  jpin  and  Lb  is  the  distance  from 

center  to  center  of  main  bearings.     The  relation  between  the 

diameter  d  and  the  length  Lb  may  be  expressed  by 

U^Cd. 

meao  value  ot  C  =  4.2,  Fig.  19 

then  T/'32  M>  =  ^^^^  =  l.(B  d  X  P  t/4  D' 

C.d'^  1.05  X  125  X  -78  D«  and 
d^  CD 
which  is  the  expression  used  in  plotting. 

For  high  speed  eeuter  crank  engines.  Fig.  20: 
mean  value  of  C  =:  .40 
maximum  value  of  C  ^^  -526 
minimum  value  of  C  ^  .28 
mean  value  of  f  =  6,600 
maximum  value  of  f  =  13,400 
minimum  value  of    f  =    3,800 

The  eranit  p'.n  for  side  crank  Corliss  engines  was  treated  as  a 
^gle  cantilever  beam  having  a  length  equal  to  the  bearing 
length  of  the  crank  pin,  and  in  the  same  manner  as  before 

where  d  is  the  diameter  and  I  is  the  length  of  the  crank  pin. 

The  mean  relation  between  the  length  and  the  diameter  of 
the  crank  pin  as  already  found  is 

l  —  l.li  d 
and  aa  before,  the  following  final  expression  is  obtuned: 
d  =  CD. 


[38] 

i:q,t7ed..yG00t^lc 


TBOOIEN — STEAM  BNOIKE  DESIGN 


N 

\, 

V 

A 

\ 

\'\ 

\ 

'^^^ 

~^'; 

s~- 

--^ 

^-^ 

K 

•0 

'\ 

\ 

\ 

\ 

i'ii 


uni  'uid  JO  iapoiBiQ 


[39] 


D.qil.zM0lGoOl^lC 


Bri.LETIN   OF  THE  UNIVBR8ITY  OF  WI8COTI8IH 


\, 

\ 

N, 

s 

^ 

>^>  " 

\ 

N 

\ 

-4 

\ 

s 

\ 

\ 

\ 

\\ 

\' 

>■ 

%. 

h 

>. 

\' 

il 

^ 

'"1^ 

K 

^A 

5^i 

;^ 

^\\ 

o''& 

'''^ 

\ 

\ 

» 

i\ 

■ 

\ii 

\' 

N 

N^ 

\\ 

'^ 

\ 

\ 

'■aqjni   'Dill  JO  4aidiDii|a 


[40] 


D.qil.zM0lGoOl^lC 


TROOIEN — STEAM  ENGINE  DESIGN  373 

For  side  crank  Corliss  engines,  Fig.  21 : 

mean  value  of  C  =  .27 

maximum  value  of  C  =  .32 

minimum  value  of  C  =  .21 

mean  value  of  f=  7,800 
maximum  value  of  f  =  13,000 

minimum  value  of    f^  5,500 

MAIN  JOURNALS  OF  CRANK  SHAFT 

Crank  shafts  are  subject  to  variable  combined  bending  and 
twisting  moments,  but  these  moments,  when  their  ma^ltude 
and  direction  are  known,  can  be  reduced  to  an  equivalent 
twisting  moment  by  the  formula 

M.  =  M  +  f'M»  +  T' 
where  M,  is  the  equivalent  twisting  moment;  M  the  simple 
bending  moment;  and  T  the  simple  twisting  moment  for  the 
po!nt.  If  DOW  the  ratios  of  bending  and  twisting  moments  and 
of  maximum  to  mean  moments  are  constant,  the  above  trans- 
formation will  retain  the  same  general  form  and  change  only 
in  the  numerical  coefficient.  In  the  engines  examined  there  is 
a  general  agreement  as  to  the  above  ratios  of  moments  among 
engines  of  the  same  class. 

For  maximum  fibre  stress  the  main  journals  of  the  crank 
shaft  may  be  treated  as  subjected  to  this  equivalent  twisting 
moment.     A  common  expression  for  twisting  moment  is, 


=  ;/¥ 


where  d  is  the  diameter  of  main  journal;  H.  P.  is  the  Horse 
Power  of  the  engine ;  and  N  is  the  number  of  revolutions  per 
minute. 

For  high  speed  center  crank  engines,  Fig.  22: 
mean  value  of  C  =  6.6 
maximum  value  of  C^8.2 
minimum  value  of  C  =  5.4 
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For  Corliss  engines,  Fig.  23,  this  relation  seems  best  expressed 
by  the  form 


C(^./-,-.-B) 


B  =  .30 
mean  value  of  C  =  7.2 
maximum  value  of  C  =  8.0 
minimum  value  of  C^6,4 
The  relation  between  the  length  and  diameter  of  the  mtun 
journals  of  crank  shafts  may  be  expressed  by 
I  =  K  d. 
(For  high  speed  center  crank  engines.  Fig.  24: 
mean  value  of  K^2.1 
maximum  value  of  K=^2,9 
minimum  value  of  K  =  1.6 
For  Corliss  side  crank  engines.  Fig.  25: 

mean  value  of  K  ^;=  1.90 
maximum  value  of  K  :=  2.20 
minimum  value  of  K  =  1.62. 
The  relation  between  the  projected  area  of  the  main  journals 
and  the  area  of  the  piston  may  be  expressed  by 

For  high  speed  center  crank  engines,  Fig,  26: 

mean  value  of  P  —  .48 

maximum  value  of  F  =  .78 

minimum  value  of  P  ^  .32 

For  Corliss  side  crank  engines,  Fig.  27 : 

mean  value  of  F  ^  .6 
maximum  value  of  F  =  .66 
minimum  value  of  F  =  .5. 

THE  FLT  WHEEL 

The  weight  of  fly  wheel  rim  was  foimd  to  be  almost  too  un- 
certain a  value  to  lend  itself  to  any  satisfactory  comparative 
treatment.     There  is  a  marked  difference  in  opinion  among  the 
different  engine  builders,  not  only  as  to  what  would  constitute 
[44] 
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a  proper  total  weight  of  fly  wheel  for  an  eneine  of  certain 
Horse  Power,  but  there  is  an  equally  marked  difference  in  opin- 
ion as  to  how  much  of  the  total  weight  should  be  considered  as 
acting  at  the  center  of  the'fly  wheel  riin  in  producing  inertia 
effect. 

Some  manufacturers  consider  the  total  weight  of  the  wheel 
as  acting  at  the  rim  in  producing  ;nertia  effect;  others  consider 
the  weight  of  the  rim,  spokes  and  hub  as  all  acting  at  their 
respectiva  centers  of  gravity,  the  weight  of  the  spokes  being 
considered  as  about  1/3  of  the  total  weight  of  the  wheel;  still 
others  consider  the  weight  of  the  rim  and  1/3  of  the  weight  of 
the  spokes  acting  at  their  n'spective  centers  of  trravity:  r.nd 
finally  some  consider  the  weight  of  the  fly  wheel  rim  only  and 
disregard  the  weight  of  the  remaining  parts  of  the  wheel. 

From  the  engines  ejtaniined  it  was  found  that  the  weight  of 
the  Km  of  the  wheel  varied  from  44  to  75%  of  the  total 
weight  of  wheel  in  high  speed  engines  and  from  52  to  GS% 
in  Corliss  engines. 

In  view  of  these  variations  it  wa.'i  deemed  best  to  use  the 
total  weight  of  the  wheel  in  plotting.  And  the  formula  that 
is  most  commonly  used  for  finding  the  weight  of  fly  wheel  was 
used. 

It  has  the  form 

w=ox  tj, 

where  W^  total  weight  of  wheel;  D,  ^  the  diameter  of  wheel 
in  inches;  and  N^the  number  of  revolutions  per  minute. 

This  relation  gives  fairly  satisfactory  results  for  high  speed 
engines  up  to  about  175  Horse  Power,  and  for  this  range,  Fig. 
28: 

mean  value  of  C  =::  1,300.000,000.000 
maximum  value  of  C  =  2.800.000,000,000 
minimum  value  of  C  —     660,000,000,000 
But  when  high  speed  engines  of  larger  size  are  considered, 
the  relation  seems  better  expressed  by 
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mean  value  of  C=    720,000,000,000,  Pig.  29 
maximum  value  of  0  =  1,140,000,000,000 
minimum  value  of  C  =    330,000,000,000. 
A  somewhat  greater  uniformity  seems  to  exist  among  the 
builders  of  standard  Corliss  engines.     In  these  engines  the  re- 
lation seems  best  expressed  by 

H.  P. 


r  W  = 


B  =  .000,000,004,5. 
mean  value  of  C  ^  890,000,000,000,  Pig.  30 
maximum  value  of  C  ^  1,330,000,000,000 
minimum  value  of  C=    625,000,000,000 
The  corresponding  values  of  K  are 

mean  value  of  K^  4,000 
maximum  value  of   K^  6,000 
minimum  value  of  K=^  2,800 
The  relation  between  the  length  of  the  stroke  and  diameter 
of  fly  wheel  in  high  speed  engines  may  he  expressed  by 

D.^CL 
where  D,  ^  outside  diameter  of  wheel    in    inches ;    and    L  ^ 
length  of  stroke  in  inches. 

mean  value  of  C  —  4.4,  Pig.  31 
maximum  value  of  C  ^  5.0 
minimum  value  of  C  =;  3.4 
For  Corliss  engines,  Pig.  32: 

mean  value  of  C  =  4.40 
maximum  value  of  C  ^  5.25 
minimum  value  of  C  ^  3.25 
The  relation  between  the  width  of  the  face  and  the  outside 
diameter  of  tlie  fly  wheel  may  be  expressed  by 
w  ^  C  (Dj-B) 
or  w  =  CD,-K 
where  w  =  the  width  of  face  of  fly  wheel;  and  D,  the  diameter 
in  inches. 
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For  hi(^h  speed  niginea.  Fig.  33: 
B  =  18 
mean  value  of  C  =  .31 
maximum  value  of  C  =  .46 
minimum  value  of  C  ^  ,24 
The  corresponding  values  of  K  are 

mean  value  of  K=^5.(! 
maximum  value  of  K  =  8.3 
minimum  value  of  K^-^4.3 
For  Corlis.s  engines,  Fig.  34: 

w  =  C  (D,-B) 
or  w  =  CD,-K 
B:=50 
mean  value  of  C  ^  .22 
maximum  value  of  C  —  ,30 
minimum  value  of  C  :^  .18 
The  enrre.spnuding  values  of  K  are 

Tueaii  value  of  K  ^  1-1 
maximum  value  of  K  ^  15 
minimum  value  of  K  =;    9 
Belt  Sokk.\ce  i'ee  I.  H.  P. 
The  ivlation  bi'tween  the  nnniber  of  square  feet  of  belt  sur- 
faee  per  minute  and  the  Horse  Power  of  an  engine  may  be  ex- 
pressed by 

S  ^  C  X  K.  P. 
where  S  :=  the  veloeity  of  tly  wheel  rim  in    feet    per    minute 
multiplied  by  the  width  of  belt  in  feet. 
For  high  speed  engines,  Fig.  35: 

mean  value  of  C  :^  26.5 
maximum  value  o£  C  ^^  55. 
minimum  value  of  C  —  10. 
For  Corliss  engines,  Fig.  36.     This  relation  seems  better  ex- 
pressed by 

S  =  C  X  H.  P.  +  B 
B  =  1,000 

mean  value  of  C  ^^  21 
maximum  value  of  C^35 
minimum  value  of  C  ^=  18.2 
[57] 
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Velocity  op  "Wheel  Rim 

Velocity  of  fly  wheel  rim  in  feet  per  swoiid. 
For  high  speed  engines : 

mean  velocity  =  70  feet  per  see. 


maxi 

mini 

For  Corliss  engi 


mum  velocity  =  82  feet  per  sec, 
velocity  ^48  feet  per  sec. 


mean  velocity  =  68  feet  i>er  sec. 
maximum  velocity  ^82  feet  per  sec. 
minimum  velocity  ^=40  feet  per  sec. 


WEIGHT  OF  RECU'ROCATING  I'ARTS 

In'  this  investigation  the  weight  of  the  reciprocating  parts 
was  assumed  to  be  directly  proportional  to  the  pressure  on  the 
piston  and  inversely  proportional  to  the  length  of  the  stroke 
and  to  the  square  of  the  number  of  revolutions.  Putting  this 
in  the  form  of  a  formula  and  remembering  that  the  total  pn-s- 
sure  on  the  piston  varies  as  D^,  the  above  relation  gives  the 
expression 

where  "W^the  weight  of  the  reciprocating  parts,  composed  of 
the  weight  of  the  piston,  piston  rod,  erosshead,  and  1/2  the  weight 
of  the  connecting  rod;  D^ diameter  of  piston;  L  ^  the  length 
of  stroke  in  inches;  and  N  ^  the  number  of  revolutions  per 
minute. 

Data  fof  plotting  was  obtained  for  high  speed  engines  only, 
mean  value  of  C  —  2,000,000,  Fig.  37 
maximum  value  of  C  —  3,400,000 
minimum  value  of  C  —  1,370,000. 
For  the  cases  where  the  information  was  obtainable,  the  bal- 
ance weight  opposite  crank  pin  was  found  to  be  about  75%  of 
the  weight  of  the  reciprocating  parts. 
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.  WEIGHT  OF  ENGINE  PER  I.  II.  P. 

The  relatinn  between  the  total  weight  of  the  engine  and  the 
number  of  Horse  Power  may  be  expreKsed  by 

W  =  C  X  II.  P. 
where  W^^the  total  weipht  of  the  engine. 
For  belt  connected  h!gh  speed  enjrines.  Fi<r.  38: 
mean  value  of  C  =   82 
maximum  value  of  C^=120 
minimum  value  of  C  -^    ')2 
For  direct  eonueeted  engines,  the  weight  of  the  engine  without 
the  generator  was  found  to  be  from  10  to  2^)%  greater  than 
the  weight  of  belt  conneett'd  engines  of  the  same  capaeity. 
For  Corliss  engines,  Fig.  39: 

\V  =  C  X  H.  P. 
mean  value  of  C  ^^  132 
masimum  value  of  C^^lfi4 
minimum  value  of  0—102 

RELATION  BETWEEN  AREA  OF  BED  AND  I.  H.  P. 

The  relation  between  the  number  of  square  feet  of  area  oc- 
cupied by  the  bed  of  engine  and  the  House  Power  may  be  ex- 
pressed by 

A=C  X  H.  P-  +  B 
For  high  speed  engines,  Fig.  40: 
B--10 
mean  value  of  C  =^  .'i2 
inaximiim  value  of  C  :^  .44 
minimum  value  of  C  --^  .20 
This  area  nuiy  be  iiierejiscd  by  fro;ii  1.^  to  25%   for  direct 
connected  engines. 

For  Corliss  engines.  Fig.  41 : 

B  =  80 
mean  value  of  C  ^::  .6. 
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COXCLUSION 


A  comparison  of  the  results  obtained  from  this  investigation 
and  those  obtained  from  a  similar  investigation  carried  out 
at  Cornell  University  tpn  years  ago,'  reveals  several  interesting 
features.  It  shows  that  there  has  been  a  gradual  change  during 
the  last  decade,  in  the  eoeflfic  ents  and  factors  of  safety  used 
in  the  design  of  the  steam  engine.  It  also  shows  how  these 
coefBeients  and  constants  have  been  modified  to  meet  existing 
conditions,  and  although  there  is  still  a  great  variation  as  to 
the  practice  among  the  different  builders,  in  proportioning 
the  different  parts,  there  appears,  however,  on  the  whole  to  be 
a  somewhat  greater  uniformity  in  this  respect  now  than  form- 
erly. 

The  steam  pressure  used  and  assumed  constant  in  this  ex- 
amination is  125  pounds  per  s(|uare  inch  as  against  100  pounds 
in  the  former  discussion.  Ncrtwithstanding  this,  the  constants 
obtained  in  the  two  different  discussions  show  in  many  instances 
a  remarltably  close  similarity.  The  changes  th;.t  hiive  taken 
place  seem  to  have  been  in  direct  accordance  with  the  increase 
in  pressure  and  speed. 

In  such  parts  as  the  piston  rod,  which  ean  be  based  on  rational 
treatment  and  de-sipned  for  strength  and  rigidity,  the  results 
agree  very  c'osely.  The  results  also  agree  very  closely  in  the 
case  of  the  connecting  rods  of  the  low  speed  engines.  In  the 
case  of  the  connecting  rods  of  the  high  speed  engines  there  is 
an  increase  in  the  mean  value  of  the  factor  C  in  the  expression 
b  —  C  VDU  from  .057  as  found  by  Professor  Barr  to  .073  as 
found  in  the  present  discussion.  This,  since  the  factor  of 
safety  varies  as  the  fourth  power  of  the  factor  C.  more  than 
doubles  the  factor  of  safety.  It  increases  from  27  to  60.  While 
a  factor  of  safety  of  60  seems  unnecessarily  large  and  uncalled 
for,  it  may  partly  be  accounted  for  by  the  increased  steam 
pressure  and  speed  used  in  recent  years. 

The  relation  between  the  thickness  of  the  cylinder  walls  and 
diameter  of  cylinder  is  practically  the  same  now  as  formerly. 


t.  J.  S.  it    E.,  1«:737.    . 
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The  area  of  the  erosshead  shoes  preseots  some  differences. 
The  present  iuvestigatioD  shows  the  relation  between  the  area 
of  the  erosshead  shoi^s  and  the  area  of  the  pist<Hi  to  be  the 
same  for  both  high  speed  and  Corliss  engines  and  gives  a  value 
which  is  about  half  way  between  what  was  found  to  be  current 
practice  for  high  speed  and  low  speed  engines  ten  years  ago. 
The  present  value  of  C  in  the  relation  a  =  CA  gives  C  =  .53 
for  both  high  speed  and  low  speed  engines  as  ai^ainst  C  ^  .63 
for  high  speed  and  C  ^  .46  for  low  speed  engines  in  the  previous 
examination.  This  gives  an  increase  of  about  45%  in  the  unit 
bearing  pressure  on  erosshead  -shoes  in  the  ease  of  high  speed 
engines  and  an  increase  of  about  8*^  in  Corliss  engines  over 
what  was  formerly  found  to  exist.  Improved  methods  of  lubrica- 
tion probably  account  for  this  in  part. 

In  treating  the  crank  pin  and  erosshead  pin  in  the  present 
discussion  it  was  deemed  more  satisfactory  to  consider  them  on 
the  basis  of  strength  rather  than  on  the  basis  of  bearing  pres- 
sures and  friction  alone  as  was  done  in  the  fonner  discussion. 
The  ratio  of  length  to  diameter  of  the  cn)sshead  pin  is  found 
to  be  practically  the  same  now  as  fonuerly.  Owing  to  the  dif- 
ference in  the  method  of  treatment  of  the  croashead  pin,  the 
result  obtained  in  the  two  cases  can  not  be  compared  directly, 
but  by  substituting  the  mean  values  as  found  in  this  present 
investigation,  the  mean  value  for  an  expression  similar  to  the 
one  used  by  Professor  Barr  can  be  obtained.  Knowing  that 
I  =  1.25  d 
and  that  d  =  .25  D 
these  values  can  be  substituted  in  the  expression  a  =  i  d  =  CA 
as  used  by  Professor  BaiT  and  the  corresjionding  value  of  0 
found.     From  the  above  expression 


1.25  d  X  d         1  2!i  >:  .25  D  X  -S5  D 
'      ;r  4  D'  .78  D' 


=  .10 


The  mean  value  of  C  as  found  by  Professor  Barr  was  .08. 
This  shows  a  slight  inei-ease  in  the  ratio  between  the  projected 
area  of  the  erosshead  pin  and  tlie  area  of  the  piston. 

In  order  to  obtain  a  comparison  for  the  erank  pin,   values 
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for  Mgh  speed  engines  were  plotted  for  the  equation  1  = 
C  X  — T  -  +  B  as  used  by  Professor  Barr,  where  ( =  lengtii 
of  crank  pin  f  and  L^  length  of  stroke.  The  results  are  shown 
in  Fig.  42. 

B  =  1.6  in. 
mean  value  of  C  ^  ,28 
maximum  value  of  C  ^  .35 
minimum  value  of  C  ^  .14 
The  corresponding  values  obtained  by  Professor  Barr  are 
B  =  2.5  in. 
mean  value  of  C  =  .30 
maximum  value  of  C  =  .46 
minimum  value  of  C  :^  .13. 
These  values  show  that  for  the  same  Horse  Power  and  length 
of  stroke  there  is  a  considerable  reduction  in  the  length  of  the 
crank  pin.     This  figure'  also  shows  that  there  exists,  among  the 
different  engine  builders,  a  much  greater  uniformity  in  pro- 
portioning the  crank  pin  now  than  formerly.     In  treating  the 
crank  pin  for  strength^  however,  as  was  done  in  the  present 
investigation,  there  is,  as  shown  by  Fig.  20,  even  a  greater  uni- 
formity exhibited  than  is  shown  by  Fig.  42. 

The  ratio  of  length  to  diameter  of  main  journals  is  almost 
identical  in  the  two  cases.  And  so  also  is  the  ratio  of  projected 
area  of  journals  to  the  area  of  the  piston.     In  the  expression 


there  is  in  the  case  of  the  high  speed  engines  a 


decrease  in  the  ooefiScient  C  from  7.3  to  6.6  which  gives  a  cor- 
responding decrease  in  the  diameter.  In  the  ease  of  the  Corliss 
engines  a  comparison  of  the  diagrams  shows  that  there  has  not 
been  much  change  in  the  value  of  the  diameter  of  main  journals 
although  the  above  relation  seems  to  be  better  expressed  in  a 
slightly  different  manner  at  the  present  time. 

In  the  case  of  the  weight  of  fly  wheel,  if  Professor  Barr  in 
his  examination  used  the  weight  of  rim  of  fly  wheel  only,  then 
there  is  no  comparison  between  the  residts  obtained  then  and 
now.  But  if  the  total  weight  of  wheel  was  used  in  plotting, 
in  the  former  case,  then   for  engines  up  to  about  175  Horse 
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Power  there  is  a  fairly  close  similarity  in  the  two  eases,  the 
present  tendency  showing  an  increase  in  the  weight  of  fly 
wheels,  a  condition  resulting  no  doubt  from  the  exacting  re- 
quirements of  speed  regulation  of  recent  years. 

The  velocity  of  fly  wheel  rim  is  practically  the  same  now  as 
formerly.  In  the  case  of  the  number  of  square  feet  of  belt 
surface  per  ilorse  Power,  there  is  a  great  reduction  in  the 
faclor  C  in  the  relation  S  =  C  X  II.  P.  In  the  case  of  the  high 
speed  engines.  C  has  a  value  of  26.5  now  as  against  55  in  the 
former  disonssion.  This,  seeing  that  the  velocity  of  the  fly 
wheel  rim  is  the  same  now  as  foiinerly,  must  mean  a  decrease 
in  width  and  a  corresponding  increase  in  thickness  of  belts 
used  for  the  same  amount  of  power  transmitted,  at  the  present 
time. 

In  the  expression  w  ::r  C  r:  for  the  weight  of  the  re- 
ciprocating parts,  C  shows  an  increase  from  a  value  of  1,860,000 
ten  years  ago  to  a  value  of  2,000,000  at  the  present  time. 

The  weight  of  the  engine  per  Horse  Power  shows  a  decrease 
of  29%  in  the  case  of  the  high  speed  engines  and  a  decrease 
of  25%  in  the  Corliss  engines  below  what  it  formerly  was.  The 
constants  in  the  relation  w  ^  0  X  H.  P.  are  82  and  132  now  as 
against  115  and  175  in  the  former  discussion,  for  the  high  speed 
and  Corliss  engines,  respectively.  In  fact,  lightness  of  con- 
struction, pood  workmanship  and  materials  of  the  greatest 
strength  and  durability  are  among  the  factors  which  have 
brought  about  the  improvement  of  the  steam  engine  and  made 
possible  the  fulfillment  of  the  present  day  requirements. 
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tINIVERSITT  OF  WISCONSIN 


DEPARTMENT  OF  STEAM  ENGINEERING 

Sti>bm  BiXL,  Professor. 

Thesis  luvestigating  on  the  Current  Practice  in  Proportioning 
Steam  Engine  Parts,  by  0.  N.  Troolen. 

(Manufacturer) 

(Address) 

Gentlemen : — lu  view  of  the  fact  that  there  ia  verj-  little  data 
published  regarding  cuirent  practice  in  proportioning  steam 
engines,  we  are  attempting  to  compile  such  information  as  may 
be  available  and  wish  to  secure  your  cooperation  in  the  matter. 

Other  objects  in  view  are  to  add.  if  possible,  some  informa- 
tion which  may  assist  in  establishing  a  uniform  basis  for  design, 
to  obtain  safe  values  from  acknowledged  successful  practice, 
and  to  express  the  constants  tliat  are  thus  derived  in  mathe- 
mathical  form,  aiid  in  this  way  make  data  available  for  use, 
which  will  bring  theorj'  and  practice  into  closer  and  more  inti- 
mate contact. 

In  order  to  handle  a  problem  of  this  nature  in  a  satisfactory 
manner,  a  knowledge  of  the  details  of  the  various  engine  parts 
is  essential.  For  this  reason  we  are  asking  a  series  of  questions, 
which  are  enclosed,  and  also  desire  blue  prints  of  such  parts 
as  the  piston,  eroeshead,  connecting  rod,  governor,  etc. 

If  you  will  kindly  enclose  as  many  such  prints  as  possible 
and  give  the  information  requested  regarding  the  various 
engine  parts,  as  well  as  such  formulas  and  constants  as  you  are 
accustomed  to  use  in  your  design,  we  shall  appreciate  this  as- 
sistance very  highly. 

Yours  respectfully, 
[7t] 


D.qil.zM0lGoOl^lC 


TROOIEN — STEAM  ENGINE  DESIGN  407 


Kind  of  engine,  horizontal  or  vertical 

Used  for  electric  lighting?    

Direct  connected?   

Center  crank  or  side  crank  f   

Length  of  stroke   , 

Diameter  of  cylinder   

Initial  pressure    

Most  economical  point  of  cut-off 

I.  H.  P.  of  engine 

B.  H.  P.  of  engine  

R.  P.  M.  of  engine   , 

Size  of  steam  pipe   

Size  of  exhaust  pipe , 

Total  length  of  engine  frame   

Total  width  of  engine  frame   

Total  weight  of  engine  complete   , 


CYLINDER 

Material  used    

I'ltimate  strength  of  material  used    

Thickness  of  cylinder  walls 

Separate  liner  used  for  cylinder?    If  so,  thickness  of  same 

Thickness  of  cylinder  flange  for  holding  cylinder  eovei-s 

Thickness  of  cylinder  head  at  center 

Thickness  of  cylinder  head  where  bolted  to  cylinder 

Distance  between  p'ston  and  cylinder  head  when  piston  is  at 

end   of  stroke 

Total  clearance  in  per  cent,  of  cylinder  volume 

Diameter  of  bolt  circle  in  cylinder  head  

No.  of  bolts  

Diameter  of  bolts   

If  steam  jacket  is  used,  width  of  steam  space 

Thickness  of  steam  jacket  wall   

Diameter  of  cylinder  drain  pipes  

Size  of  relief  valves,  if  any 
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PISTON 

Type  of  piston  used    

Mflterlal  used   

Thickness  of  shell  if  box  type  piston  is  used  

Least  thickness  of  piston  if  solid  type  is  used 

Width  of  face  of  piston  

Depth  of  slots  for  rings   , 

No.  of  rinjrs   

Width  of  rings   

Outside  diameter  of  rings  before  being  cut   

Greatest  thicknes,s  of  rings   

Least  thickness  of  rintis 

PISTON  ROD 

Material  used   

Diameter 

Total  length,  end  to  end   

Length  between  piston  and  cros>ihead  

Piston  rod  end,  how  fastened  to  piston 

Piston  rod  end,  how  fastened  to  erosshead  

CROSSHEAD 

Material  used  in  main  part   

Material  used  in  bearing  part   

Length  of  crosshead  shoes 

Width  of  crosshead  shoes   

GUIDES 

Material  used  in  main  part   

Material  used  in  bearing  part 

CROSSHEAD  PIN 

Material  used   - 

Total  length   

Length  of  bearing  part    

Diameter  of  bearing  part   
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CONNECTING  ROD 


JIaterial  used   

Total  length 

If  of  circular  section,  diameter  near  erosshead  

Diameter  uear  erank  pin    

Diameter  at  middle   

If  of  rectangular  seet:on,  height  of  section  near  crosshead. , 

Breadth  of  section  near  crosshead 

Height  of  section  near  crank  pin 

Breadth  of  section  near  crank  pin   

If  strap  connection  is  used,  width  of  strap  

Thickness  of  strap 

JIaterial  used  for  strap   , 

Wearing  material  used  for  buses   


CRANK  PIN 


Material  used   , 

Total  length    

Length  of  bearing  part  , 
Diameter  of  bearing  part 
How  fastened  to  crank  arm 


CRANK  ARMS  OR  DISCS 

Material  uae'd  

If  crank  arms  are  used,  dimensions  of  least  cross-section 

If  crank  discs  are  used,  width  of  same 

Total  amount  of  balance  weight  for  each  disc  if  center  crank 

Total  amount  of  balance  weight  if  side  crank 

Distance  of  center  of  (;''avity  of  balance  weight  from  center  of 
crank  shaft   
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CRANK  SHAFT 

Material  iised   

Total  length 

Length  of  both  journals 

Diameter  of  both  jovimals  

Diameter  of  shaft  where  fly  wheel  la  attached 

Distance  from  center  to  cent«r  of  journals 

Wearing  materials  used  in  boxes 

FLY  WHEELS 

Outside  diameter  

Width  of  face   

Thickness  of  rim  

Thickness  of  flanges  of  rim,  if  any „ 

Thickness  of  metal  of  hub  

Length  of  hub 

No.   of  spokes    

Taper  of  spokes ' 

Least  cross-dectional  area  of  spoke 

Greatest  dimension  of  this  area   

Least  dimension  of  this  area  

One  or  two  fly  wheels  used  T  

Total  weight  of  one  wheel 

Horizontal  distances  between  centers  of  fly  wheels  and  center 
line  of  engine   

VALVE  ROD 


Ataterial  used - 

Length  of  rod  

Diameter  of  rod    

Length  of  rocker  arm  if  used , 

ECCENTRIC  ROD 

Material  used   

Length  of  rod   

Diameter  of  rod    
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ECCENTRIC  SHEAVE 

Material  used   

Diameter 

Thickness    

Eccentricity   of   eccentric    

Diameter  of  crank  shaft  where  eeeentric  is  attached 

ECCENTRIC  STRAP 

Material  used   

Tliiekness  of  maximum  cross-section 

Thickness  of  minimmn  cross-section   

Width   of   flanges    

Thickness  of  flanges  

PENDULUM  GOVERNOR 

(See   aeeompanying   diagram) 

Kind  of  governor  used  

No.  of  balls  

Weight  of  one  ball 

Weight  of  central  load  on  spindle '. 

At  what  speed  will  governor  begin  to  act  J 

Give  values  for  (r)  and  (h)  at  this  point  

At  what  speed  will  governor  reach  its  upper  limit! 

Giv»  values  for  R  and  H  at  this  point 

SHAFT  GOVERNOR 

(See   accompanying   diagram) 

Weight  (A)  suspended  in  each  arm   

Total  weight  (including  arm  and  weights  A)    

Distance  of  point  of  suspension  of  arm  from  center  of  crank 

shaft  (0  B)   

Distance  of  center  of  gravity  of  weights   (A)   from  center  of 

crank  shaft   ' 
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Xiength  (h)  of  lever  arm  of  spring 

Angle  thflt  spring  makt«  with  normal  to  lever  arm 

Diameter  of  wire  used  for  helical  springs 

Outside  diameter  of  coil  used    

No.  of  turns  of  wire  used   

Movement  of  ann — is  it  caused  by  centrifugal  force?  . . . 

or  angular  acceleration  f   

or  tangential  acceleration? 

Angle  of  advance  !  A )  of  the  eccentric 

Area   of   steam    port 

"Width  of  steam  port 

Area  of  exhaust  port  when  separate  from  steam  port  . . . 

Width  of  same 

Volume  of  steam  chest 

Thickness  of  steam  chest  wall 

Type  of  valve  used    

Total  travel  of  valve   

Inside  Jap   

Outside  lap   

Amount  of  lead  used   

Angle  of  advance  of  eccentric  
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Cl'NI-KATORS 


HISTORICAL 

The  sc'ence  of  electromagnetism  received  its  inception  when 
Hans  Christian  Oersted,  a  Danish  physicist,  discovered  on  July 
21,  1820,  the  effect  produced  upon  a  magnetic  needle  by  the 
passage  near  it  of  an  electric  current.  This  discovery  stimu- 
lated Andre  Marie  Ampere,  who  made  public,  in  1822,  his  laws- 
of  parallel  currents;  and  Michael  Faraday,  who  described  first 
the  revolution  of  a  magnet  around  an  electric  current,  and  later 
his  famous  "Faraday  disc"  experiment. 

Dominique  Francois  Arago'  in  1825,  made  a  magnetic  needle* 
follow  the  revolutions  of  a  copper  disc  beneath  it. 

Then  follows  a  long  unfruitful  period,  until  in  1879,  Walter 
Baily*  by  the  progressive  shifting  of  the  poles  of  two  -two-pole 
electro- magnets  caused  the  rotation  of  a  copper  disc  suspended 
above  them.  He  employed  two  battery  circuits  commutated  at 
regular  intervals  although  he  mentions  that  polyphase  currents 
could  well  be  used. 

Marcel  Deprez'  in  1883  published  a  theorem  on  the  true  rotary 
magnetic  field  produced  by  two  alternating  fields  with  a  quarter 
period  phase  diflference. 

Then  follows  the  bitter  discussion  of  the  Tesla-Ferraris  con- 
troversy, the  fundamental  features  of  which  appear  to  be  the 

'Aitnale*  de  cft«m{«  et  de  phytlque,  24i  363   (1S24)  ;  2Si  STS  (ISSS). 
■PMi.   JfajT.,  TOl.   8,   No.   4B.   p.  286. 
*  Comptei  Rfvdvt.   ]RS.' 
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fotlowiug:  Galileo  Ferraris,*  having  by  1885  independently 
evolved  the  ideas  of  Baily  and  Deprez,  built  a  motor  but  failed 
to  publish  until  1888.  Hia  machine  was  two-phase,  the  second 
one  being  produced  by  an  inductance  in  one  circuit,  the  "Phase- 
splitter"  from  which  Tesla  obtained  much  credit.  The  model 
used  by  Ferraris  developed  only  a  watt  output  of  2.77  watts, 
and  of  it  he  says:  "It  is  at  once  evident  and  it  also  results  from 
considerations  which  I  shall  go  into  later  on  that  a  motor  thus 
constructed  [he  used  a  copper  cylinder)  would  not  be  of  any 
importance  as  a  means'  of  transforming  electrical  energy." 
Though  he  regarded  it  as  a  toy,  he  suggested  its  use  as  a  meter, 
and  gave  the  idea  of  slip,  showing  also  that  the  current  in  the 
rotating  secondary'  varies  with  the  slip. 

Nieola  Tesla  applied  for  in  1887,  and  received  in  1888,  a  great 
number  of  patents  on  polyphase  motors,  underlying  which, 
however,  was  but  the  one  idea  of  rotating  magnetic  fields.  Thus, 
in  spite  of  the  great  advance  in  the  commercial  development 
which  is  largely  due  to  Tesla,  the  invention  cannot  be  claimed 
for  him. 

Charles  S.  Bradley's  patents  o£  1887,  1888  and  1889,  de- 
scribed generators  and  motors  of  two  and  (1889)  three  phases, 
the  rotary  field  being  described  in  October,  1888.  His  machines 
were  Gramme  rings  with  equidistant  taps  brought  out  to  slip 
rings. 

The  three  phase  Lauffen-Prankfort  transmission  in  1891  of 
about  100  H.  P.  over  110  miles  of  millimeter  wire,  at  a  fre- 
quency of  30  to  40  cycles  per  second  and  a  pressure  of  8,500 
volts,  had  an  average  efficiency  of  74  per  cent.  It  was  a  very 
bold  attempt  and  awakened  great  interest  not  only  in  the  pos- 
sibilities of  long  distance  transmission  but  in  those  of  poly- 
phase motors  as  well,  since  induction  motors  were  used  to  de- 
velop power  at  the  point  of  delivery. 

In  1895,  Alexander  Heyland'  publshed  an  account  of  a 
simplified  relation  between  the  vectors  of  an  induction  motor 
which  gave  an  approximation  only  but  which  tallied  very  satis- 
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factorily  with  the  esperim^its  he  made  on  motors  up  to  ten 
horse  power.     He  oflEered  no  complete  mathematical  proof. 

B.  A.  Behrend*  gave  independently  a  more  rigorous  proof  of 
the  relations  of  the  vectors  to  a  circle.  Since,  however,  he  very 
gracefully  withdraws  his  claims  to  priority  and  since  develop- 
ment has  followed  more  particularly  the  lines  laid  down  by 
H^land,  this  discussion  will  take  up  more  particularly  Hey- 
land's  figures. 

Julius  Heubach,  Karl  Kuhlmann,  Ossanna,  Adolph  Thomalin, 
and  Hugo  Grob  have  further  developed  the  circle  diagrams 
and  their  work  will  be  shown  later. 

Hexuand's  Diagrams 

Heyland  realized  the  accurate  relations  of  primary  to  second- 
ary current.  (See  Plate  I.)  Here  AC  represents  the  primary 
curr^t,  Ii;  AC  represents  the  magnetizing  current,  !„;  and 
c'C  represents  the  secondary  current,  I^.  For  accuracy  the 
length  c'C  must  be  determined  as  the  length  of  a  line  through 
C  between  its  intersections  with  the  serai-circles  CC'D  and 
Ce'A.     The  pressure  line  is  AE. 

Heyland  neglects  primary  res  stance  in  his  electrical  calcula- 
tions and  sets  I,  =  I,.  This  is  for  purposes  of  simplification 
and  is  not  such  a  violent  assumption  as  might  appear  at  first 
sight,  since  CD  is  always  very  large  as  compared  with  AC. 

"This  gives  us  the  law:  In  induction  motors  the  relations  be- 
tween pressure  and  phase  displacement  may  be  represented  by 
a  vector  diagram  in  which  the  vector,  changing  with  the  load 
which  represents  the  current,  is  defined,  in  that  its  free  terminus 
moves  upon  a  circle  whose  position  is  defined  through  the  rela- 
tion 

AD  _  Magnetic  RsBUtancoStrayfield 
AC  "~  MGrgnetic  Kesistaiice  Kotorfleld' 

Plate  I,  shows  AB  the  pressure  line;  AC  the  magnetizing 
current;  CC°  the  energj'  component,  their  resultant  AC°  being 
the  no-load  current.     The  length  CC°  represents  "The  constant 

•;Wd.,  Feb.  1806. 
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Plate  I. — The  Hetland  Diaobaii. 
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friction  and  iron  losses,  and  the  copper  loss  of  the  magnetizing 
current."  I,  =  AC';.!,  =  C°C';  the  angle  of  phase  displace- 
ment is  the  angle  BAG', 

Draw  DC,  subtract  along  th'a  line  a  length  proportional  to 
IiRi,  giving  the  point  £';  and  from  DE'  subtract  I^R^  giving 
F'.  Draw  circles  through  DE'C  and  DF'C  with  centers  on  a  pei^ 
pendicular  dropped  from  Oc. 

A  perpendicular  let  fall  from  C  at  any  load  represents  elec- 
trical input,  since  in  any  triangle  with  constant  base  the  area 
is  proportional  to  the  altitude. 

Primary  stray  flux  really  C'A  is  assumed  by  Heyland  to  be 
equal  to  CC  which  is  the  ease  when  AC  becomes  zero.  In  the 
triangle  DCC,  therefore,  the  electric  input  varies  as  the  area, 
since  it  is  equal  to  rotor  flux  times  primary  stray  flux.  Since 
the  base  CD  is  constant,  the  electric  input  varies  as  the  altitude 
of  the  triangle  DCC. 

Similarly,  perpendiculars  dropped  from  E'  and  F'  represent 
torque  and  power  output,  but  the  constant  losses  CC°  must 
be  subtracted,  giving  torque  equal  to  E'e';  power  equal  to 
F'f/ 

The  maximum  power  output  does  not  coincide  with  the  maxi- 
mum power  input  nor  with  the  maximum  current  in  primary 
nor  secondary-. 

As  C  swings  around  counter-clockwise  E'  and  F'  also  re- 
volve and  the  maximum  power  output  occurs  when  F'  reaches 
the  perpendicular  through  Oc-  Further  increase  in  current 
decreases  the  output  until  the  output  becomes  zero,  when  F' 
and  D  coincide,  the  motor  comes  to  a  standstill,  E'  and  C  as- 
sume the  positions  E^  and  C  such  that  DC*  is  perpendicular  to 
0,D,  that  is,  tangent  to  the  power  circle.  The  perpendicular 
from  E*  represents  starting  torque,  that  from  C  power  input 
while  AC*  and  CoC*  represent  I,,  and  Ij  respectively  . 

Slip  is  the  ratio  8  =  ^i^^t  „tf„e  w,  is2ir  times  the  pri- 
mary frequency  in  cycles  per  second,  and  <o,  corresponds  for 
the  secondary  frequency.  Since  the  frequency  of  the  secondary 
depends  upon  its  speed  of  rotation,  at  standstill  <o,  =  0  and 
S  =  100  per  cent. 
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If  we  lay  oflf  SC  perpendicular  to  OeD,  we  may  divide  SC 
into  100  alloquot  parts,  each  of  which  represents  1%  slip,  which 
may  therefore  be  read  oflf  directly  for  any  load  as  the  distance 
aS'  along  sC  from  the-  base  line  AD  to  the  intersection  with  the 
line  DC  for  that  load.  Approximately  Y'C  represents  the  e£B- 
■cieney  at  the  same  load  since  YY'  represents  the  losses. 

This  figure  is  the  one  commonly  intended  when  Ileyland's 
diagram  is  mentioned. 

The  power  factor  cos  <ii  is  of  course  a  maximum  when  AC 
comes  nearest  to  AB,  that  is  when  it  is  tangent  to  the  circle  Oc 

"The  characteristic  of  the  induction  motor  is  known  that,  if 
■driven  above  synchronism,  it  works  as  a  generator'  and  delivers 
■enrrent  in  a  manner  analogous  to  the  direct  current  shunt 
machine.  It  is  interesting  that  the  d  agram  gives  explana- 
tion of  these  relations  simply  by  completing  the  circles  to  the  left 
of  AD — . "  Plate  [I.  "The  electric  energy  delivered  by  the  genera- 
tor at  the  same  phase  angle  is  exactly  equal  to  the  electric 
energy  delivered  to  the  motor,  [This  is  not  accurate]  The 
mechanical  power  becomes  naturally  considerably  higher  and 
indeed  as  is  easily  seen  by  twice  the  losses  since  now  all  losses 
are  added  to  the  electric  power  which  were  formerly  subtracted 
from  it.'" 

He  plots  curves  of  all  quantities  with  respect  to  mechanical 
power,  but  since  all  later  writers  plot  with  respect  to  slip  the 
consideration  of  his  curves  is  not  of  the  highe-st  importance. 
He  makes  no  explanation  of  the  phenomena  from  +  100%  to  oo 
nor  from  oo  lo  — IOO70  simply  saying  that  from  o  to  +  100% 
slip  the  machine  fimctions  as  a  motor  and  everywhere  else  as 
a  generator.  Some  power  could  conceivably  be  abstracted  from 


'ape  DanlelBon,  Klec.   World,  1883,  2H   44. 

'Emat   DanielBon.   Wpeteraa,   Sweden,   garo   in   Eleclrieal    WorM   for  Jan.    21. 
1893.   a  deacripfod   of   experlmepta  performed    by   him,      llavlnB  a   three   phase 

srachronouH  macblni'  ran  Ha  a  motor.  "This  field  b  capnble  of  malntalDlni; 
the  curri-nf,  prorldi-d  (he  conditions  In  tb«  eitomaE  i^li^ult  are  Bucb  that  the 
current  comes  In  advani^e  of  the  Indured  E.  K.  F.  Tbeae  cond:tloiiB  can  b« 
(ii!fl11ed  by  bavlDg  a  rei^ilnr  thrra  phase  generator  In  circuit,  or  by  condens- 
ors.  n  would  lie  Impossible  to  hare  the  motor  act  as  a  generator  an  a  reg- 
ular lamp  circuit  or  on  a  circuit  with  self  Induction."      He  took  no  guantltetlrc 
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the  rotating  secondary,  electrically,  but  the  better  conception  is- 
that  from  +  100%  to  — 100%  slip  through  «  the  machine  acts 
merely  as  a  sink  of  energy  requiring  both  mechanical  and  elec- 
trical input  and  giving  no  output  except  beat. 


Plate  III. — Hbcbach's  Diaosam. 


Hbubach's  Improvement 


Julius  Ileubach  shoe's  his  opinion  as  to  the  magnitude  of  the 
problem  verj'  succinctly  in  the  preface  to  his  book  Der  Dreh- 
strommotor, 

"The  motor  although  simple  in  its  mechanical  relations  is 
correspondingly  complicated  in  the  electrical  phenomena  which 
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-occur  within  the  machine ;  yea,  one  can  say  that  from  the  theo- 
retical standpoint,  the  asynchronous  (Induction)  motor  is  the 
most  difiicult  problem  with  which  electrotechnics  has  to  deal." 

Plate  III  is  based  on  the  assumption  that  cos  ^2  ^=  1,  and 
«how8  the  condition  of  the  induction  machine  from  +  00  to  —  ■» , 
the  circle  with  center  at  0  being  the  original  circle  used  by  Hey- 
land.  Heubaeh  considers  the  electrical  input  of  a  motor  and 
output  of  a  generator  as  being  on  a  circle  whose  center  is  at  q 
so  chosen  that  ep  shall  represent  the  losses  due  to  hysteresis 
and  eddy  currents.  The  line  ap,  therefore,  represents  Iij  the 
perpendicular  let  fall  from  p  to  ad  the  electrical  input ;  ep  = 
hysteresis  and  eddy  current  losses ;  be  ^  I, ;  perpendicular  from 
e  to  ad ^  electrical  input  minus  hysteresis  and  eddy  current' 
losses.  Now  if  de  be  drawn  from  d  the  effective  flux  is  obtained, 
which  is  again  reduced  by  losses  due  to  leakage  in  stator  and 
in  rotor. 

Laying  off  distances  ef  and  fg  such  that  ^  =:;  E[  =  tan  <  ebf 
and  t^  —  R^  —  tan  <  fbg 

flux  values  df  and  dg  are  obtained  proportional  to  input  and 
output  of  the  secondary  respectively.  Next  lay  oi¥  from  the 
line  ad  the  <  s  ob  e  =  ebf  =  o  and  ob^S  —  fbg  =  j8  and  de- 
scribe circles  whose  centers  lie  on  the  points  of  intersection  of 
the  sides  ha  and  b^  with  a  perpendicular  to  ad  from  the  point  0. 
Then  draw  a  straight  line  parallel  to  ad  and  at  such  a  distance 
as  to  represent  the  losses  due  to  bearing  friction  and  windage. 
Then  perpendiculars  lot  fall  from  f  and  g  on  this  line  will  g  ve 
by  their  length  values  of  torque  and  mechanical  power. 

Output  will  increase  in  the  motor  as  p  swings  around  counter- 
clockwise until  g  reaches  the  line  oq  prolonged,  its  maximum 
ordinate,  thereafter  though  Ii  and  Ij  increase  the  output  decreases 
steadily  until,  when  the  line  de  becomes  tangent  to  the  circle 
whose  center  is  B,  the  output  becomes  zero  and  g  and  d  co- 
incide. This  is  the  point  of  standstill  or  100%  slip  and  a  line 
drawn  at  right  angles  to  cd  through  this  point  may  be  divided 
into  100  parts,  each  of  which  represents  1%  slip.  For  any  load 
the  slip  may  be  read  directly  from  the  sHp-Iine.  or  any  propor- 
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tionally  divided  parallel  line,  being  the  length  along  the  slip- 
line  from  ad  to  the  intersection  with  the  line  de  at  that  load. 

Heuhaeh  saya:  "This  figure  shows  the  Heyland  diagram  for  all 
possible  conditions  and  it  occurs  peculiarly  in  it,  that  the  scales- 
for  positive  and  negative  slip  are  different.  This  peculiarity  is 
demanded  because  the  loss  of  potential  in  the  stator  winding  i» 
not  considered  with  entire  accuracy,  since  in  this  study  Stater — 
is  set  equal  to  Hotor  —  current. ' '  The  angle  of  inclination  of  the 
slip  line  is  of  course  the  same  for  positive  or  negative  slip.  On 
the  motor  side  the  intersection  of  the  slip  line  with  the  solid 
circle  is  the  point  of  100%  slip ;  while  on  the  generator  side  tho 
point  of  100%  slip  is  the  intersection  with  the  dot-dash  circle 
whose  center  is  at  B. 

As  in  the  consideration  of  the  induction  machine  as  a  motor  so 
as  a  generator,  the  primary  current  I,  is  measured  from  a  to 
the  intersection  of  the  dash -double-dot  circle  with  a  perpendicu- 
lar from  ad  to  the  point  of  particular  load,  p'  to  ad  =  electrical 
power  output ;  e'p'  ^=  loss  through  hysteresis  and  eddy  currents ; 
e'  to  ad  =;  total  electrical  power.  Drawing  de'  obtain  points 
f  and  g'  gfving  the  increased  fields  df  and  dg'  which  must  be 
developed  to  care  for  the  stator  and  rotor  losses.  Prom  f  t& 
the  line  parallel  to  ad  gives  the  resistance  moment  or  negative 
torque,  while  from  g'  to  the  same  line  gives  mechanical  energy 
input.  Ij  =  be',  I„  =  ah.  As  p'  revolves  counter-clockwise  the 
output  rises  to  a  maximum  over  point  o  and  comes  to  zero  when 
point  p'  reaches  d. 

This  is  the  point  of  — 100%  slip  and  any  further  increase 
in  speed  throws  the  electrical  power  into  the  opposite  direction, 
i.  e.  both  mechanical  and  electrical  power  are  consumed  and  turned 
into  heat.  This  continues  from  — 100%  to  —  oo  slip  and  is  the 
same  condition  of  brake  or  sink  of  enei^  as  is  found  from 
+  lOO^o  to  +  so  slip. 

Ossanna's  Diagram 

Ossanna  has  done  a  great  deal  toward  the  elucidation  of  induc- 
tion motor  problems  by  his  diagram  published  in  1899,* 

'ZflUchrifl     tar    EleKrotecAnlt.    May.    1869.     Etcktroteehnitche     ZeiUehri.t, 

Aug.  23.   1300, 
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Of  it  Ossanna  himself  says,  "   .     .  it  ia  strictly  accurate 

Bince  in  recognizing  the  voltage  drop  in  the  primary  winding, 
the  total  primary  current  and  not  merely  its  watt  component 
is  considered,  and  further  my  representation  of  slip,  torqoe, 
mechanical  power  and  efficiency  are  simpler  than  in  Heytand's 
diagram." 

M.  Breslauer  says  of  it,  "This  corrected  diagram  is  alone 
right  and  every  graphical  representation  must  he  based  upon 
it."" 

Karl  Kuhlmuin  says:  "The  Ossanna  diagram  in  ita  ordinary 
form  [see  Plate  IV]  answers  the  following  question:  How 
does  an  asynchronous  polyphase  motor,  with  a  rotor  short-cir- 
cuited and  with  a  constant  coefficient  of  self-induction,  be- 
have T"" 

All  of  Ossanna's  predecessors  had  built  up  diagrams  for  con- 
stant back  e-  m.  f.  and  constant  angle  of  secondary  lag  angle 
j^j,  but  these  are  not  the  conditions  in  the  actual  motor  where 
we  have  instead  constant  impressed  e.  m.  f.  and  constant  sec- 
ondary inductance  Lj, 

Taking  up  the  iigures  of  those  who  had  worked  before  him 
he  showed  them  to  be  inaccurate  although  convenient,  and  devel- 
oped his  accurate  Jigure.  In  this  constant  impressed  e.  m.  f., 
varying  Ij,  slip,  and  efBcieney  17,  are  the  only  qualities  repre- 
sented, since  the  loci  of  the  free  ends  of  the  flux  and  I^  vectors 
bear  no  simple  relation  to  the  rest  of  the  figure  although  they 
may  be  drawn  for  any  particular  load, 

Ossanna'a  development  follows; 
Take  A^  =  terminat  pT«eeure 

K    =  reactaoce  of  primary  per  phase 

'■  =  4 

0    =1  —  Ti  V,  (where  Tj  and  v,  are  lees  than  UDity.    Stray  fac' 
tors) 

Then  Xo  =  x  ^  '"'^  ^°  =  "AT  ^ 


'*  Eleklrotechntichc  ZHiKhrift,  Mar.   3,  19< 
••nid.,  Ape.  18.  1901. 
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Where  «  =  1  -I-  ?J!^'iu      1  +  ''  +    1   W|'  +  2.rD.L,' 


^,i  (,+.+,«•"&) 


These  equations  determiue  the  circle  with  respect  to  the  a 
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Plate  IV. — Diagram  of  Osbassa. 

Torque. — To  obtain  values  of  torque  instead  of  drawing  an 
extra  circle  as  Ileyland  does,  draw  the  line  DD  whose  equation 
is  Z  =  rx  — T 

(Z  is  ordioale,  x  abscissal 


ff 


1 


-.  and  T  = 

r 
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Absolute  torque  in  nieter-kilogrommes  may  be  obtained  as 

(y  —  z)  =  the  distance  pd  in  the  figure  which  for  any  load 
is  representative  of  torque. 

Mechanical  Power. — Draw  for  mechanical  power  the  line 
AjAj  whose  equation  is  2  =^  Vx  —  u 


A-_w,   ;-  -w.V 

r  w,'  +  IA -|-2Tn,L,i' 


-  !w,  reduced  to  primary)  =  w,  ~ (  —  )    (>- ) 

/I    w,'  4-'A'  +gffni  L,)'       ^  A-  +  2n-n,L, 


I       w,'  +  (A"  +  Sirn'  Ljj 


The  absolute  value  in  watts  per  phase 

*■=?:  ('"-"' ^ -"■'")  T»-"i 

Here  (y  —  z)=  distance  pa  in  the  figure  which  is  propor- 
tional to  mechanical  power  for  any  load, 

Efficienoy. — Parallel  to  the  base  line  and  at  distances  yh  and  h 
draw  two  right  lines. 

yh  ^=  watt  component  of  Ii  wh  cb  represents  the  hysteresis  and 
eddy  current  losses. 

All  electric  quantities  are  mcRsured  from  the  line  A, A,  (dis- 
tant yh  from  the  X  axis)  as  for  instance  pe  =;  watts  input, 
0'p  =  I,. 
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Call  the  point  of  intersection  of  A,  and  Aj  n. 


Lay  off  along  the  line  distant  from  the  X  axis  yh  +  h  parts 
proportional  to  the  same  scale  as  the  line  h  and  with  the  inter- 
section with  Aj  as  zero.  This  will  represent  the  relation  -~i 
whidi  is  efficiency  ^  for  a  motor,   -   for  a  generator,  and  nega^ 

tive  for  the  positions  of  sink  of  enei^. 

Slip. — Por  slip  draw  parallel  to  DD  a  line,  draw  tangent  to 
m.  a  line  to  intersect  the  above  and  call  the  common  point  zero 
slip.  The  point  of  + 100^  slip  is  at  the  intersection  of  the 
slip  line  and  A^  while  — 100%  is  at  an  equal  distance  the  other 
aide  of  the  line  of  zero  slip."  To  obtain  the  per  cent  slip  for 
any  line  prolong  pm  to  the  slip  line  and  read.  Similarly  for 
foil  draw  pn  to  the  efficiency  line  and  read. 

Prom  m  to  t  both  mechanical  and  electrical  power  are  're- 
quired to  be  put  in  and  there  is  no  output  but  heat.  At  t'  the 
primary  current  has  a  lag  of  90°  (cos  ^  i=  0)  and  Ii  is  there- 
fore entirely  wattless,  this  being  about  the  only  place  in  electro- 
technics  where  a  lag  of  exactly  90°  can  be  obtained. 

Prom  t  to  t'  the  machine  acts  as  a  generator,  from  m  to  g  as  a 
motor,  and  from  g  to  t'  through  f  as  a  sJnk  of  aiei^y. 

Plate  IV  shows  a  motor  with  highly  exaggerated  leakage,  high 
resistance  in  both  primary  and  secondary,  and  lai^e  iron  losses, 
BO  that  all  the  parts  and  processes  may  be  made  more  clear. 

The  greatest  values  of  mechanical  power,  torque  and  electric 
power,  occur  at  points  where  the  perpendicular  to  the  lines 
Aj,  D,  and  Aj,  respectively,  have  their  greatest  lengths. 

The  difBculty  of  determining  the  distances  yo,  Xo,  yh  and  h 
and  the  points  m  and  n,  the  fact  that  secondary  current  and  the 
fluxes  are  not  represented  have  prevented  the  adoption  of  Os- 
sanna's  diagram  to  so  large  an  extent  as  its  accuracy  would  seem 


.  8tlp  Bhoatd  be  at  the  point  where  t'm  prolonged 

flgiirfH  show  an  error  in  tbis  point. 
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to  make  probable.  The  necessity  of  converting  experiraento! 
values  into  analytical  geometry  and  then  putting  that  into  a 
figure  also  obscures  the  direct  connection  of  machine  and  figure. 

GbOB's  DiAOKAli 

Hugo  Grob  describes  "  .  .  .  a  theoretically  absolutely 
correct  polyphase  induction  motor  diagram  which  has  no  neg- 
ligibilities other  than  the  inevitable  assumption  of  constant  per- 
meability of  the  iron;  of  sine  form  of  current,  pressure  and 
fields;  and  farther  the  not  quite  accurate  allowance  for  iron 
losses. ' "' 

It  is  a  diagram  of  constant  terminal  pressure  and  the  main 
circle,  the  locus  of  the  free  terminus  of  primary  current  vector, 
is  the  same  as  Ossanna's  although  more  readily  located.  Hey- 
laJid's  approximate  diagram  is  easy  to  make  but  not  nearly 
accurate,  while  his  accurate  one  is  very  complicated.  OBsanna 
brings  to  bear  analytical  geometry  and  deduces  equations  for 
circle  and  lines  which  represent  primary  current,  phase  angle, 
output,  slip,  etc.,  but  has  not  the  fluxes  nor  secondary  current 
and  does  require  some  not  inconsiderable  calculation. 

Grob  develops  his  diagram  without  using  analytical  geometry 
nor  higher  mathematics  as  follows: 

On  a  line  OZ  (Plate  V)  lay  ofl" 

AD  —  i  _    OA  or  more  accurately 

^P=T.+T.'+I,T.  ■"* 

where  Ti  and  Tj  are  the  usual  leakage  factors   (here  takea 

equal    to  .2).     Lay    off    OB:BA  =  Tj;T,    more    accurately 

=  (T,  +  T,  T,)  :  T  „  erect  DO  perpendicular  to  OZ  at  D  so  that 

DG  :OD  =  T,  !(T, +  T,)  more  accurately  =  T,  :  (T,  +  T,+ 

T,T,)  where  T.  =    L.^,  "  ■">  lo^ 

Constant  terminal  e.  ni.  I. 

Draw  OG,  and  a  perpendicular  to  OZ  through  A.  cutting  OG  in 
H.  On  BH  and  HD  as  diameters  describe  circles.  Draw  the  pres- 
sure triangle  with  right  angle  at  K  such  that  OK  :  OL  =  Tj  :  1. 

"  Eleklrotecbniacbf  Zf-iUchHtt,   Jan.   24.   1901. 
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OL  is  the  constant  termmal  pressure  and  is  at  right  angles  to 
HMD. 

The  larger  circle,  the  locus  of  the  puints  X,  is  Ossanna's,  ON 
representing  primary  flux  or  current,  NHQ  representing  sec- 
ondary Bus  or  current.  Parallel  to  HMD  and  therefore  perpen- 
dicular to  OL  through  0  dniw  OJE.  Parallel  to  OIIG  through 
E  draw  the  slip  tine;  calling  the  intersection  with  the  line  AH 
produced  zero  slip  and  the  point  E  — 100^  divide  up  the  line. 
Draw  a  line  from  +  100%  al-p  through  II  to  cut  the  circle  at 
F.     The  point  of  it  co  slip  is  marked  oo. 

A  method  is  now  available  for  representing  each  of  the  three 
quantities,  forque,  electrical,  and  mechanical  power. 

Bisect  the  angle  CIIG  and  draw  N.IIQJ',  (OQ  represents 
flux). 

ON,  is  I,  at  time  of  greatest  torque.  Perpendicular  to  OG 
at  II  draw  HV.  Parallel  to  CD  at  U,  draw  I'.V  (U,  is  any  po  nt 
on  line  U^N,). 

With  V  as  center  and  radius  VH  draw  a  circle.  IIW  for  any 
load  ;=  Torque.  (W  on  the  line  All)  Torque  is  also  repre- 
sented by  a  perpendicular  let  fall  from  N  on  Aoo. 

Let  VU^^  maximum  horse  power  ^^^    3/i.     '     "ill  — -■ 
Draw  with  center  V,  and  radius  UH  a  circle.     Parallel  to  AH 
draw  a  line  such  that  DU"  is  the  power  lost  in  bearing  friction 
and  windage.     Then  BD  =:  mechanical  power. 

Electric  power,  since  the  pressure  is  constant,  can  be  repre- 
sented as  the  watt  component  of  the  primary  current,  therefore 
from  N  drop  perpendiculars  on  OL  and  the  watt  component  OP 
is  obtained.  Electric  power  is  also  represented  by  perpendic- 
ulars let  fall  on  the  line  JE  (s  iice  JE  is  at  right  angles  to  OL). 
Starting  at  — oowith  either  Plate  V  or  Plate  XVIIa  we  find 
a  region  of  sink  of  energj'.  Here  I[^0  oo.  l2^oo  Qn-  torque 
^^  0,  electrical  and  mechanical  power  both  absorbed.  As  we  slow 
down  I,  and  I;  grow,  reaching  a  maximum  when  Ij  passes  through 
Ml  and  Ij  is  parallel  to  CD.  Mechanical  power  and  torque  grow; 
electrical  comes  to  zero  at  — 100%  slip  and  thereafter  becomes 
output.  At  — 100%,  Ii  is  perpendicular  to  OL  and  is  pure  watt- 
less current. 
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Generator. — Below  — 100%  slip  all  three  iaerease,  reacb- 
ing  their  maxima,  in  the  order,  mechanical  power,  torque, 
and  electrical  power  after  which  all  decrease. 

Sink  of  Energy. — At  a  small  negative  slip  (I,  =  OJ)  electrical 
power  becomes  zero  again  with  I,  wattless.  At  sjTichronism 
torque  becomes  zero,  I,  =  OAj,  Ij  —  zero.  From  J  to  H  botb 
powers  are  absorbed.  At  a  small  positive  slip  (I,  at  II)  me- 
chanical power  becomes  zero. 

Motor. — After  passioR  through  their  zero  points  each  has  & 
sign  opposite  to  that  with  which  it  started.  Electrical  is  now 
input,  mechanical  and  torque,  output.  All  rise  reaching  their 
maxima  in  the  order,  mechanical,  torque,  electrical  power.  At 
-}-  100  per  cent,  or  standstill  mechanical  power  becomes  zero,  and 
electrical  and  torque  give  the  starting  values. 

Sink  of  energy. — Mechanical  power  reverses  and  at  -|-  «o 
we  again  strike  the  point  of  beginning  with  torque  =  o,  mechan- 
ical and  electrical  power  both  consumed. 

Grob's  1904  Diagram 

In  1904'*  Grob  developed  another  diagram,  not  mentioning 
his  article  of  1901  except  in  an  introductory  footnote. 

The  new  figure  isee  Plate  VI)  differs  in  that  it  is  more  ac- 
curate, represents  power  and  torque  on  the  main  circle  by  lines 
simply  located,  and  detennines  the  potential  line  somewhat 
differently. 

lie  gives  the  method  of  construction  and  a  concrete  example 
from  data  for  a  particular  motor.  This  example  and  diagrams 
for  four  other  motors  will  be  given.  The  constant  pressure  in 
the  new  figure  is  chosen  as  the  bass  and  perpendiculars  are 
erected  to  it.  The  leakage  factors  which  for  the  1901  circle  had 
to  be  determined  in  order  to  construct  the  figure  are  now  de- 
duced from  the  figure.  The  value  T,  alone  need  be  predeter- 
mined and  it  is  easily  obtained.  The  lines  for  torque  and  me- 
chanical power  (as  will  be  proven  shortly)  are  on  the  circle  and 
he  has  corrected  the  torque  line,  making  it  the  d'stance  inter- 

'*lbU.,  June  2  and  June  9,  1004. 
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Plate  VI. — Diaqsam  of  Huoo  Gbob,  1904. 
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cepted  by  the  line  BoB'  on  the  perpendicular  let  fall  from  B  to 
the  line  BoV  instead  of  the  length  of  the  perpendicular  to  the 
line  BoB*.  Also  mechanical  power  is  obtained  as  the  inter- 
ception of  the  same  perpendicular  as  for  torque  with  the  line 
B/K. 

Total  power  equals  the  area  of  the  triangle  ODB  =  DB  X  OE. 
(Point  E  moves  on  the  semicircle  over  OQ.) 

The  triangle  BB(,D  remains  always  similar  to  itself,  peripheral 
angles  of  constant  arc. 

wn~  =  constant  =  T^  (Bame  peripheral  angles) 

Therefore  I^  =  chord  B„B  X  ^ 

^"*  EQ  =  Ac; 

Therefore  DB    =  BB.  X  ^ 

Also  the  arc  OEB„  is  similar  to  the  arc  BoBB*,  therefore  the 
triangles  also  are  similar  and  OE  =;  0B„  X  s+ti 

The  vector  OBo  is  the  no  load  flux,  which  caUs  up  the 
pressure  left  for  developing  power  when  obmie  and  indao- 
tive  drop  have  been  deducted.  This  pressure  is  ACo  perpen- 
dicular to  OBo- 

OB,  =  P.  ^  iD  volts. 

Thersfore  OE  =  P.  ^  -  ^^- 
OA       B+B„ 

Torque  : 

DB.  OE  =  B„B.  ^ 
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In  absolute  measure  then 


Pivoltai  X  BO  (amp9.l  X  3 


<75 


Torque  = do  Kg  -  m) 

or  =  208  -L^?  (In  lb.  ft.) 

Mechanical  Power:  Loss  in  the  rotor  is  proportional  to  Ij*, 
or  to  uB^or  to  BjB^  «r  to  BoF,  FS  is  proportional  to 
the  copper  loss  but  since  FG  is  also  proportional  to  BoF  we 
can  take  GS  as  a  measure  of  the  copper  losses. 

Then  BG  —  GS  =  BS  —  Power  developed.  To  subtract  bear- 
ing friction  and  windage,  lay  off  BoB/  perpendicular  to  BoV 
and  equal  to  the  watt  current  of  the  no  load  losses.  Draw 
Bo'K,  and  BS'  is  the  actual  mechanical  power  available.  In 
absolute  measure  mechanical  power  is  given  by 


H.  P.  = 


P  lyoltfl)  X  BS'  Inmperes)  X  3. 
746 


To  care  for  iron  losses  drop  0  to  0'. 
Slip: 

T  losses  in  heat 


Slip  = 


Energy  output  of  rotor 


Draw  anywhere  a  perpendicular  to  B+JI,  draw  B+K  and  pro- 
long to  intersection.     The  triangle  B+XT  is  similar  to  BoGB. 


*  GB  ~  TB-* 


Therefore  -^  =  -^  =  slip. 


Slip  is  measured  along  TX  in  per  cent." 
Efficiency: 


^.......^  -  V  -  OB  projeotid-^S^P  "  BC  "  BATcTiT.*    *"""  "    " 

the  angle  CBA. 

"  A  very  slight  InaMnracr   In   (he  slip  ncale  conies  In  for  light  loads  (rom 
the  neglect  o(  rolor  hyscereBlB. 
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Prolong  KB/  to  0"  the  intersectioQ  with  O'Z.     Erect  JR  per- 
pendicular to  OP.     Draw  0"BE.     Draw  EX  paraJlel  to  BA. 


Draw  JZ  parallel  to  BqV  and  strike  the  arc  ZW.     Then  the 
angle  RJZ  ^  a  and  JW  =  JR  cob  a 


Finally  r, 


JW 


For  siiii]}li?  construction,  lay  off  0"L  =  100  mm.  along  BjV, 
erect  a  perpendicular  to  BoV  cutting  0"K  in  J.  Draw  JR  at 
right  angles  to  OP.     Strike  off  JW  =  100  mm. 

Read  ij  as  length  JE  in  mm.,  or  per  cent.  E  is  determined  aa 
the  intersection  of  JW  and  the  line  0"B  for  each  load. 

Data,  work  up  and  enrves  now  follow  for  five  machines.  The 
first  is  given  by  Grob,  three  are  in  the  electrical  laboratories  of 
the  University  of  Wisconsin,  and  one  is  derived  from  H.  M. 
Hobart's  book,  Electric  Motors. 

Obrlikon  Twenty  IIobse  Powbx  Three  Phase  Motor 

Data  given  by  Grob.  380  volts;  1,500  rev.  per.  min. ; 
50  cycles ;  R^  —  .212  ohms ;  R,  =  .0386  ohms ;  Ratio  of  stator 
to  rotor  turns  ^  -^  . 

No  load. 
I,  =  7.3.  V  —  380.  50  cycles,  880  watts,  450  watts  friction  and 
■windage,  eoa  <^o  =  184. 

Short  circuit.  (Rotor  slowly  running.) 

35  amperes,  50  frequency,  77  Volts,  2,050  watts,  cos  ^  = 
.437. 

Ik  at  380  volts  =  35  X   ^-    —  172.5  amperes. 

Eddy  current  loss  in  the  Stator. 

When  I,  =  35,  I,  =  i|  ^  92,  I,'R,  =  778, 1,'K,  =  990 

Total  1,758.  The  wattmeter  read,  however,  2,050.  Then, 
since  the  current  density  should  be  about  the  same  in  stator  and 
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rotor,  increase  the  stator.     That  is,  eddy  currents  effectively  in- 
crease the  stator  B. 

2050—1768  =  292.  Add—  to  each  then  I, "R,  =  77S  +  146  =921  and 

B.'  =  .212X  ^  =  .?52ohoi9. 

Short  circuit  I^'Ej  at  380  volts  =980  ("^V  =24,000  watts 


watt  current  = 


84000 
WOX  ►'3 


6.4  amperes, 


Construct  on  the  pressure  line  a  power  factor  semi-oircle  of 
100  mm.  diameter,  lay  off  at  the  proper  angle  and  to  suitable 


/ 

p 

/f\f 

^ 

J 

■^s^ 

"? 

\ 

__^ 

■-v. 

"\ 

i 

\ 

.. 

- 

^ 

\ 

0' 

Plate  VII. — Oebukon  30  Horse  Poweb   3  Pkase  Isductios  Motor. 
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scale  the  short  circuit  and  no  IohcI  vectors.  Suttrspt  the  watt 
component  of  the  no  load  cnrreiit  BnB/.     (See  Plate  VII.) 

Draw  perpendiculars  to  O'P  in  O'  and  through  Bo:  draw 
B„a. 

O'Co  —  wattless  component  of  no  load  current.  7.2  X  0.252 
=  1.82 


T,  = 


Lay  off  B„A  =  100  mm.     AjA,  =  .828  mm.     Construct  circle 
with  center  on  BoAj  which  shall  pass  through  K  and  Bo. 


"  B„L,  ■ 


.03S2 


Lay  off  OE  =  T  and  EE,  =  T, 

Infinite  slip  is  the  intersection  with  the  circle  of  OE,  pro- 
longed. 

Draw  B*Bo 

Drop  a  perpendicular  from  K  toward  diameter  B(,V  to  in- 
tersection with  BoB*;  from  this  intersection  backwards  lay  off^ 
the  watt  current  of  rotor  loss  at  short  circuit.  Draw  Bo'K" 
through  to  intersection  of  line  with  the  circle  at  K'. 

BoB+  is  the  torque  line. 

B/K'  is  the  mechanical  power  line. 

O'Zi  is  the  electrical  power  line. 

Torque  and  mechanical  power  are  the  lengths  for  any  load 
of  the  perpendicular  to  the  diameter  BoV  as  far  from  the  circles 
as  the  intersections  with  the  torque  and  power  tines  respectively. 
Electrical  power  is  the  perpendicular  distance  to  the  line  O'Z,. 

To  lay  off  the  slip  line,  draw  and  prolong  B'K',  Perpendicu- 
lar to  B*I1  (a  radius)  erect  TY  so  that  the  intercept  between 
BoB*  and  B*K'  shall  be  for  convenience,  just  100  mm.  Slip 
for  any  load  is  the  distance  TX  the  intercept  with  the  line 
B*B  for  that  load  read  directly  in  mm.  or  per  cent.  [See 
Plate  VI]. 

Scale  of  efficiencies.     Prolong  K'B/  to  0",  its  intersection 

with  O'Z,.       Descr.be  an  are  100  mm.  long.     Erect  a  tangent 

perpendicular  to  the  diameter  BoV    to    intersection    with    the 
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power  line  Bo'K'.  Erect  perpendicular  to  the  pressure  line  anil 
lay  off  on  it  an  arc  100  mm.  long.  Read  directly  in  mm.  or  per 
cent.,  the  efficiency  at  any  load  as  the  intersection  of  line  0"B 
for  that  load  with  the  efficiency  line. 

The  motor  was  loaded  both  by  brake  and  by  a  rated  generator 
and  the  circle  gave  points  between  the  fluctuations  of  the  ex- 
perimental data.  The  circle  and  curves  derived  therefrom 
follow. 

Oerlikon  Motor. 
Ditta  for  circle,  Orob, 


Amp,™. 

S„p. 

C«* 

n 

T£ 

H.  p. 
Inpnt. 

H.  P. 
output 

B.Q. 

B.  S. 

B.S. 

10 

09 

ea.s 

10.9 

fll 

17 

71 

S3 

160 

M 

sn 

29,8 

n« 

77.1 

!2.1 

m 

2S7 

MO 

Genbr.\l  Electric  Co.'s  Motor  \o.  71602 

Form  L;  60  frequency;  5  h.  p.;  3  phase;  volts  between  lines, 
110;  4  pole,  amperes  per  line,  28.  The  rotor  has  an  internal 
clutched  starting  resistance. 

Mo  load. 

110  volts,  14.5  amperes,  420  watts,  cos  *»  =  .1520. 

Short  circuit, 


I  (BI.) 

V 

w 

(total). 

Co.*, 

I,  (IIOtoIu). 

w 

(110  volts). 

K.I 

26.3 

i8:s 
3o;o 

iS 

6S0 
890 
1.080 

1 

'.va 

.1 

7IS0 

.A9i 



I,'K,'  ^1,'R,  = 
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The  wiudings  of  rotor  and  stator  are  identical,  therefore   B,' 
=  Ej'  =  .353. 

Direct   current   measurements    gave   Ri  =  Rj  =;  .3115   which 
3  raised  to  ,353  by  eddy  current  losses. 
H.4 


C,0'  =  U.4,  T, 


V3 


X  .353. 


.  0B„  _ 


"Watt  current  of  Ij^H^  loss  is     3^^ 

Circle,  data  scaled  therefrom  and  curves  follow, 


26  amperes. 


.0870 


Platb  IX.— Five  Hobse  Poweb  Indcction  Motob.    O.  B.  No,  71602. 
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6ENKHAI,  Electbii'  Motor  No.  71602. 
Dftin  for  circle:  Kysor,  Fussell. 
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Values  staled  from  eirele  agree  very  well  with  the  results 
taken  from  brake  tests. 

General   Electric   Go's   JIoToa   No.    2577 

Type  I ;  fomi  C ;  3  phase ;  60  1  requcncy ;  6  pole ;  5  horse 
power;  1200  rev.  per  min.;  220  volts.  Stator  turns,  1728; 
rotor  turns,  144. 

No  load. 

219  volts,  To  =  3.88  amperes,  cos  .^<,  =  .176. 

Watts  friction  nnd  witidajrc  —  115 

Watt  current  friction   and   wind»>tp  =  -)^(i"v    '-    ~    '"'^  amperes 

2.18 
"VVatt  current  lolal  =  «.>, w    / .,  =  ■""**  amperes 
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Short  circuit, 

220  volts;  48  amperes;  cos  <h  ^  .497. 
R,  =  1.21  ohms  (hot),  R,  =  .0086  ohms  (hot)  O'Co  =  3.64. 


220 
T    =!^^  =.071« 
48'  X  1.21  =  27W) 
12  X  -JS^  X  .0080  =  2850 

-^^  =  13  amperes  watt  current  lo  subtract  alon^ 
line  KK-. 
Circle,  data  and  curves  follow. 
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Gbnbral  Er.ECTRic  Co.'b  Motor  No.  2577. 
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(AlliiiaiiDa  Sveoska  Elektriska  AktiebolaKet, ) 
From  II.  M.  Hobart's  book  Electric  Motors. 
12  pole;  50  frequency;  500  volt;  500  rev.  min.; 
horae  power.  Y  <!oanecte(I,  288V  per  coil. 

iK,  =  .084         R,  =  .058 
Per  ♦  -    Primary  turns   _  W)  _  ,  ^j 

( SecoQdary  turivs      72 

No  load. 

23  Amperes,  cos  *g  =  .11)0 

3  X  28»  X  33  X  .1»  -  3700  watts 

BeariDg  and  windage  —  1400  watts 

Watt  current  total  = 


Watt  < 


600X  I'a 

bearing  and  windage  =  ~ 
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Short  circuit. 

438  amperes;  288  volts;  cos  ^t  =  .383. 

O'Cn  =  32.4  amperes 
22.4  X  -OW  =  1.88  volt 


Tj  =  /500\  =  .00651 


"  BJ,  "33.51  ~ 
I,'R,  =  (438  X  1.35)'  .  058  X  -383  =  «5000  walls 
55000 


Plate  XIII. — ^Westeeas  100  Horse  Poweb  3  Phase  Induction  Motor. 
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100  Horse-Power  Motor. 
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Brown,  Boveki  Motor  No,  193,913 

Type  6;  6  horse  power;  4  pole;  1800  rev,  per   min.;  3  phase; 
110  volts;  60  frequency, 
R/  ^  .137  ohms  (hot) 
R/  =  .089  ohms   (hot) 
No  load. 

110  volts,  la  =  S.45  amperes,  cos  *o  =  .290 
160  Watts  friction  and  windage 


4C6 


=  2.45  amperes 


Short  circuit. 

110  volts,  Ih  =  159  amperes,  cos  ^  ^^  .572 

T,  =  ^-  ^j^''"  ^  .0090(1 
T  =  .(W3a 

Plate  XVI  shows  this  machine  as  a  normal  motor,  solid  line, 
and  the  dotted  line  shows  a  modified  motor  which  is  discussed 
later.  Circle,  data  and  cnrves  are  g^iven.  Plate  XVIIa  shows 
the  cnrves  for  this  machine  and  Plate  XVIIb  for  the  modified 
motor. 
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Brows,  Boveri,  Motor  Hrakb  Tkst. 


Ibv. 

Per  cent.  Cos  * 

Slip. 

B.   H.  P. 

8.25 

.22 

11.3 

71.8 

1.50 

15.fl 

82.1 
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21 .» 
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Slip  Sc-vle  fob  Hypebstnchronism 

Id  all  of  the  foregoing  diaf^ams,  as  well  as  in  those  given  m 
the  appendix  to  this  chapter,  the  scales  for  slip  are  accurate 
for  the  condition  of  motor  running  since  they  represent  all  the 
limit  conditions  and  agree  with  brake  data.  For  generator  slip, 
however,  none  are  accurate  since  the  authors  have  done  one  of 
three  things:  (a)  evaded  the  issue  entirely,  Grob,  1904;  (b) 
extended  the  motor  slip  scale  proportionally  which  fails  to  rep- 
resent the  limit  conditions,  Ossanna;  or  (e)  extended  the  gen- 
«rator  slip  scale  set  by  the  limits  to  motor  action  which  fails  to 
give  the  correct  position  for  100  per  cent,  motor  slip  (stand- 
still), Grob,  1901. 

If  in  a  diagram,  whose  motor  slip  scale  accurately  agrees  with 
data  which  are  obtained  from  careful  cbsen'ation  during  a 
1)ralie  test,  the  motor  slip  line  be  prolonged  the  values  scaled  otf 
from  this  prolongation  do  not  agree  with  tests  made  during  a 
generator  run.  In  one  test  at  about  50  per  cent,  overload  they 
had  the  relation,  scale  to  test  equals  10.7  to  6.1,  not  a  remark- 
able agreement. 

If,  however,  parallel  to  the  motor  slip  scale  a  line  be  drawn, 
90  that  its  100  mra.  length  fills  the  distance  between  the  base 
line  of  slip  and  a  line  drawn  from  x>  slip  through  Z  the  point 
where  the  energy  component  of  the  primary  current  changes 
direction  and  which  must  represent  the  point  of  100  per  cent, 
slip,  it  will  represent  to  a  very  fair  degree  of  approximation 
the  conditions  actually  found  to  occur  during  careful  measure- 
ments of  a  run  of  the  machine  as  a  generator. 

The  diagrams  given  show  two  of  the  possible  schemes  of  con- 
nection, each  employing  a  synchronous  generator  in  parallel  as 
the  source  of  leading  exciting  current.  One  scheme  loads  with 
lamps  or  other  dead  resistance  as  absorption  agent,  while  the 
other  is  a  "pump  back"  system.  The  latter  is  the  easier  to 
operate  by  far;  it  being  possible  by  the  mere  movement  of  a 
rheostat  (that  in  the  smaller  DC  machine  "R"  being  most  often 
used)  to  effect  a  change  of  the  induction  machine  clear  through 
by  easy  steps  from  100  per  cent,  overload  as  a  motor  to  100  per 
cent,  overload  as  a  generator.  This  causes  readily  20  h.  p.  t.. 
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asat^Niw 


Plate  XJX.— Onbsnbbb  Excitatiov  axb  Pump.    Back  Connections. 
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circulate  with  a  total  toss  of  lesj  than  2  h.  p.,  the  machine  under 
test  being  rated  at  6  P.  S.  (German  h.  p.  of  736  watts). 

In  order  to  teat  this  theory,  th?  following  experiment  was 
performed.  Driving  above  speed  an  induction  machine  it  was 
paralleled  with  a  synchronous  generator  and  the  following 
values  maintained  constant  while  load  was  added  in  the  shape 
of  lamp  banks  in  delta  across  the  lines,  primary  frequency, 
held  at  60  by  keeping  the  speed  of  the  synchronous  generator 
at  1,200  ri'v.  per  min. ;  the  line  pressure  by  adjusting  the 
synchronous  machine  field  current;  and  approximately  the  in- 
put to  the  machine  driving  the  synchronous  generator  and  there- 
fore to  the  sjTiehponous  generator  itself.  It  was  found  that 
while  remarkably  stable  and  constant  when  once  adjusted,  the 
system  was  one  of  a  very  considerable  flexibility,  since  it  suf- 
ficed to  change  any  one  of  the  three  field  rheostats  to  throw  the 
load  of  the  whole  system  on  to  whichever  prime  mover  was 
desired  and  to  cause  the  other  to  act  as  a  generator,  or  both 
conld  be  adjusted  to  act  as  motors.  The  motor  driving  the 
synchronous  generator,  in  order  that  the  frequency  might  be 
maintained  constant,  was  kept  functioning  as  a  motor  but  was 
not  allowed  to  take  more  than  a  very  little  power  input.  Ac- 
curate readings  of  speed  were  taken  on  both  generators  and 
these  were  used  as  checks  on  the  indications  of  the  slip-indicator 
This  consists  (See  Plate  XVIII)  of  a  commutator  capable  ol 
being  driven  by  the  rotor  speed  and  having  a  number  of  seg- 
ments equal  to  the  number  of  poles.  Stator  frequency 
pressed  electrically  upon  these  bars  and  rotor  frequency  me- 
chanically (by  holding  against  the  shaft  as  in  a  tachometer) 
the  number  of  beats  due  to  these  two  frequencies  superimposed 
is  indicated  by  the  throws  of  a  I>C  ammeter  needle  connected 
in  the  circuit  of  the  indicator  brushes.  For  a  four-pole  motor 
the  indications  per  half  minute  equal  the  revolutions  slip  per 
minute. 

For  the  low  readings  if  the  tachometers  and  slip  indicator 
disagreed  the  lat>ter  was  taken,  when  the  slip  rose  to  higher 
values  (due  to  the  difficulty  of  counting)  discrepancies  were 
adjusted  by  weighting  the  slip-indicator  as  four  times  as  ac- 
curate as  the  tachometer.     All  the  values  are  the  average  of  a 
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number  of  separate  detemiinatioBs  taken  aftpr  the  constants 
had  been  adjusted  and  the  performance  stationary.  The  limit 
was  placed  by  the  sparking  of  the  Westinghouse  motor  and  nfit 
by  the  induction  generator  although  it  did  get  warm. 

The  slip    — i    is  that  sealed  from  the  prolongation  of   the 

motor  slip  line  while  the  slip  S  is  from  test  values.  The  col- 
umns headed  slip  from  XY  and  from  YZ  indicate  the  agreement 
obtainable  from  two  diagrams,  for  the  same  motor,  oonstmcted 
entirely  independently  of  one  another,  when  sealed  off  my  Hn?. 

The  curves,  Plates  XX  and  XXI,  between  per  cent,  slip  from 
test  and  per  cent,  slip  from  Bcale  on  my  diagram  is  a  most  drastic 
test  under  which  the  diagram  stands  up  well.  The  larger 
circles  as  indicated,  represent  the  values  as  scaled  from  the 
correct  lines,  while  the  smaUer  circles  are  the  values  of  gener- 
ator slip  as  scaled  from  the  proloniiration  of  the  motor  alip  line. 

The  agreement  of  the  motor  values  with  the  45°  line  is  well- 
nigh  perfect  and  the  great  improvement  of  the  generator  slip 
line  is  apparent  to  the  most  casual  inspection.  The  greatest 
error  of  my  values  is  large,  46.6  per  cent.,  the  average  being 
high,  however,  about  15  per  cent,  or  less. 

The  values  of  the  prolonged  motor  slip  line,  however,  are 
very  much  greater,  the  maximum  error  being  132  per  cent,  of 
the  true  value,  while  the  average  is  more  than  100  per  cent. 
This  means  that  the  generator  slip  in  diagrams  heretofore  em- 
ployed gave  values  which  were  twice  the  real  values  as  obtained 
by  test. 
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Plate  XXI— CoMPABteon  of  Slip  Scale8. 
Small  circles  give  values  from  continuing  the  motor  slip  line. 
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APPENDIX  TO  CHAPTER  I 

In  chapter  I  credit  muat  be  given  Adolph  Thomalen  for  his 
work  of  November  26,  1903,  and  August  11.  1904.  in  Elecktro- 
(echiiische  Zeitschrift  follow:nji  along  the  lines  of  Grob's  dia- 
gram and  giving  the  relation  of  the  Heyland  to  the  Ossanna 
circle.  Of  course.  Heyland  in  1894',  gave  the  diagram  with 
stator  resistance  represented  and  then  in  1896  simplified  so  as  to 
be  applicable  with  ease.  His  1894  work  was,  however,  difficult 
of  application  and  that  of  Ossanna  much  simplified  this  but  was 
still  complicated  by  rpquirin^  analytical  geometry  calculations. 

Grob  gave  his  1901  metbfld  of  drawing  the  circle  followed  by 
Thomalen  in  1903  giving  a  slightly  simpler  method  and  show- 
ing the  relation  to  the  simple  1896  Heyland  circle.  Grob  in 
1904  gave  his  very  much  simplified  diagram  and  Thomalen 
shows  that  his  diagram  is  applicable. 

Kuhlm.\nn's  Diagram 

Karl  Knhlmann  discusses'  the  general  alternating  current 
transformer  under  three  heads  "I.  .  .  ,  without  inductive 
resistance  in  the  secondary  circuit  (Polyphase  induction  motorl. 

"II.  .  ,  .  with  constant  secondary  phase  displaeement 
(<  4"!  constant) . 

"III.     .     .     .     with  constant  secondary  self-induction  Ii^  and 

variable  phase  displacement  <  ^j,  [tan  *j  =  2ir  (Y,  — Y,}  -^] 
the  most  general  case." 

His  figure  17,  reproduced  here  as  Plate  XXII,  is  based  on 
the  case  number  II.  Like  Ossanna.  he  takes  currents  as  being 
in  phase  with  and  of  same  length  as  fluxes.  That  is,  he  con- 
siders OA  ^  primary  flux  F,  =:  Ij. 

In  Plate  XXII  from  similar  triangles  GE  is  employed  for  I, 
instead  of  OA.  since  GE  =  T,  X  OA  =  T,  X  I,.  If  the 
phase  displacement  is  held  constant,  the  angle  FOD  is  constantly 

'  ElektrotccnKttclie  ZeltlchH/t,  1864,  p.  581. 
'Ibid.,  Apr.   18.   1901. 
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equal  to  90°  +  <^,.     Since  AK  is  parallel  to  OP  for  all  loads 

HAK  =  90°  +  <^j 

iff  ^  riF  "'^*"  OK  =  OH  i  and  HK  =  OH  ^-^ . 
Therefore  OK  =  --OH  (or  any  load." 

Construct  circle  M  through  the  three  poiuts  H,  A  and  K, 
E/  is  constant  and  therefore  OH  is  constant.     Draw  the  di- 
ameter KP.     Then   KPHA  is  an   inscribed  quadrilateral  and 
therefore 

HPK  =  180"  -m*  +  *,) 
=  W)"  —  ♦, 
HK  =  PK  Bin  (W  —  *,)  =  PK  cos  </>,  -  RQ  cos  *, 
Following  the  secant  law 

OHXOK  =  ORXOQ=  OM*  —  UQ*  =OH*  ^  but  OA  =  1,:  0H=  Im! 
OM  =  ";  MQ  =  r 
Therefore 

I«„  ^  =  "■  -  r*  and  ..  =  g^^"^  ''("'^  ">'  +  i'^os'~^- 

In  the  triangle  OAR 
I,»  _  2  1,  1  cos  AOR  +  ■!•  _  r»  =  O;  AOR  =  80"  —  *,  +  r 

in  which  only  y  is  unknown  and  it  may  be  found  from  the  tri- 
angle HOM. 

*  1-  A  "  -J  1      V  „ 


t(i_o)<+4acos' 
__  sin  ♦,(1-0) 


lIoDklDAon'sroeffli-'lents  and  «<iual  to  - — ~  —  1  In  terms  of  Bchrend'ii  ooeRloh 
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The  coordinates  of  the  center  M  are: 

The  radiua  I^  =  r    ■  o,,     "^  flj'  +r,'  —  4j,  9, 
With  ^a  =  0  these  become 

X,  =  Xo.  y,  =  ,Vo.  K,  =  K. 

Several  other  diagrams  were  investigated  but  will  not  be 
given  since  they  were  found  not  applicable  to  the  work  of  the 
second  chapter. 
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CHAPTER  II 

SELF-EXCITING  ASYNCHRONOUS  GENERATORS 

If  an  ordinary  inductioD  motor  is  driven  above  speed  by  me- 
chanical power,  it  will  operate  as  a  generator  and  deliver  cur- 
rent, provided  a  leading  eseiting  current  is  supplied.  This 
leading  current  may  be  produced  by  condenser,  by  an  ordinary 
f^nchronoiis  motor  floating  on  the  line,  by  a  synchronous  gen- 
erator in  parallel,  or  by  means  of  modifications  in  the  rotor  to 
be  described  later. 

The  action  of  this  leading  current  is  to  supply  a  wattless 
component  which  shall  equal,  approach  or  exceed  the  wattless 
magnetizing  current. 

The  problem,  then,  of  making  an  induction  generator  self- 
exciting  is  reduced  to  determining  some  method  of  supplying  this 
wattless  component  from  the  machine  itself;  and  the  object  of 
this  investigation  is  to  represent  on  a  diagram  the  actiim  of  this 
exciting  current.  The  historical  development  of  the  diagram 
for  the  ordinary'  induction  machine  has  been  taken  up  and  sev- 
eral diagrams  have  been  described  in  Chapter  I. 

The  history  of  the  diagram  for  the  self-exeited  generator  or 
the  compensated  motor  has  been  extremely  short.  It  will,  how- 
ever, be  taken  up  and  the  self-exciting  lines  developed  for  the 
Heyland  and  the  Grob  diagram.  The  different  developments 
which  actually  give  these  phenomena  will  be  taken  up  individ- 
ually and  examined. 

The  representation  on  a  diagram  was  first  given  for  the  com- 
pensated as  for  the  ordinary  motor  by  Alexander  Heyland* 
whose  work  will  be  displayed  shortly.  Heubuch,  l>e  Latour, 
Bragstad  and  La  Cour  seem,  with  Heyland.  to  have  done  most 

'  Ehktroteclmitche  ZeilKhrilt.  JuEy  23.   1903. 
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of  the  work  with  the  actual  machines,  although  Prof.   C.  A. 

Adams  and  Dr.   A.   S.   McAllister  in  this  country  should  be 
mentioned. 


Heyland's  Diagram  fob  Compensate)  Motors 

Starting  with  the  regular  approximate  Heyland  construction, 
he  briefly  runs  over  the  discussion  of  the  diagram  and  then 
proceeds  to.  the  necessary  modifications.  The  only  difference 
occurs  from  the  fact  that  the  excitation  field  eomes  from  tho 
rotor,  power  being  led  into  it  from  the  external  supply.  This 
occasions  a  leakage  in  the  direction  opposite  to  that  in  the  or- 
dinary motor  since  the  rotor  has  the  larger  flux. 

In  consequence  of  this  externally  applied  e.  m.  f.  in  the 
rotor  added  to  the  electromotive  force  induced  by  its  motion  in 
the  stator  field,  the  secondary  current  no  longer  stands  at  a 
right  angle  to  the  rotor  or  secondary  field,  but  makes  a  smaller 
angle  with  it,  Plate  XXIII. 

In  the  current  triangle  we  will  have  as  before  AC  as  the  watt- 
less magnetizing  current  of  the  stator  field  and  AC"  the  magnet- 
izing current  of  the  rotor  field;  AC  being  constant  and  ACj'' 
parallel  to  the  rotor  field. 

To  determine  the  rotor  current  we  must  obtain  the  components 
of  the  e.  m.  f.  which  produces  it  and  combine  them.  That  pro- 
duced by  the  motion  in  the  stator  field  e'  will  vary  in  size 
with  the  slip  and  will  always  be  peri'^'ndicular  to  the  rotor 
field ;  the  other  e""  in  the  most  general  case  of  the  application 
of  a  C(»istant  line  pressure  will  have  a  constant  length  and  a 
direction  dependent  upon  the  degree  of  brush  displacement, 
here  called  the  angle  a. 

This  gives  a  figure  with  AC  =  ADT  all  being  constants,  e' 
perpendicular  to  CK'D  and  e*  constant  in  length  and  direction, 
given. 

As  in  the  ordinary  motor  the  comers  of  the  triangle  move  on 

circles  which  may  be  determined  as  follows :     Call  the  angle  of 

brush  displacement  zero  when  the  pressure  impressed  on  the 

rotor  is  in  line  with  the  stator  field.     Any  other  brush  angle 
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Pi.ATE  XXIII. — Diagram   Compe 
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will  be  the  angle  a  and  is  measured  from  the  direction  of  AD. 
Lay  off  from  0,  at  the  angle  a  a  length  0,0^"  =^  *  (i  _  T), 
md  from  O.  at  angle  a  a  length  0.0."  =;  |  t. 
Draw  a  circle  with  Oc"  as  center  to  pass  through  D ;  draw  another 
with  0,*  as  center  to  pass  through  A.  The  construction  of  the 
torque  and  mechanical  power  circles  and  of  the  slip  line  is  made 
in  the  same  way  as  for  the  ordinary  motor. 

This  dia^am  yields  a  clear  idea  of  the  working  of  compen- 
sation in  the  motor,  for,  let  the  compensation  be  zero,  e"  be- 
comes zert).  0,:''  falls  back  0^  and  we  have  the  original  dia- 
gram. The  greater  the  compensation  the  larger  diameter  has 
the  circle  and  the  more  is  the  power  output,  (see  later  reference 
to  an  Observation  of  Heyland's  ETZ  5/28/03).  For  but  one 
load  is  the  power  factor  exactly  unity  and  in  order  to  obtain 
this  the  no-load  current  must  be  a  leading  one,  that  is,  the  ma- 
chine must  he  over-eompensated. 

Losses  in  the  compensated  are  less  than  in  the  ordinary  motor, 
the  iron  loss  in  stator  is  the  same  since  it  arises  from  the  same 
stator  field,  while  the  rotor  iron  loss  is  slightly  greater,  due  to 
greater  flux  but  still  negligible,  while  the  copper  losses  in  stator 
are  smaller  since  for  a  given  output  the  current  is  less  with  in- 
creased cos  ij)  and  similarly  in  the  rotor  from  a  certain  load  up- 
wards the  loss  is  less  than  in  the  ordinary  motor. 

This  he  shows=  by  data  experimentally  determined  in  a  ma- 
chine with  a  stator  and  two  rotors,  the  first  one  employed  being- 
compensated,  the  second  a  wound  rotor  with  slip  rings.  Meas- 
uring the  rotor  current  revealed  the  fact  that  only  on  very 
low  loads  was  the  Ij  of  the  compensated  greater  than  that  of 
the  ordinary  motor.  The  explanation  comes  from  the  fact  that 
power  output  equals  common  field  times  induced  rotor  current. 

Since  the  flux  is  greater  in  the  compensated  motor  to  produce 
the  same  power  output,  a  less  current  is  needed  in  the  secondary, 
or,  to  express  it  differently,  for  the  same  rotor  current  and  there- 
fore heat-loss  the  power  output  will  be  larger  than  in  the  ordi- 

'ma..  M«j  28,  ](ira. 
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nary  motor.  This  effeet  is  sufficient  to  more  than  allow  for  the 
increased  current  in  the  rotor  due  to  compensation.  He  gives 
the  following  table: 


Normal 
motor. 

COUPEHSATID  HOTOB. 

Same  power. 

Samehenting. 

14 

18 

i 

-2 
3.5 

80.5 

Iran  and  friction,  per  cent 

10 

StAlor  copper  loss,  per  cent .... 
lUitor  copper  loss,  per  ceiil 

3 
« 

To  return  to  the  diagram,  we  see  that  the  slip  is  for  any  load 
smaller  than  in  the  ordinarj'  motor  and  varies  inversely  as  the 
rotor  current. 

A  figure  (Plate  XXIV)  gives  a  very  interesting  comparison 
of  the  COS  (^-output  curves  of  the  ordinary  motor  and  of  the  com- 
pensated at  various  brush  settings.  As  is  noticed,  the  power 
factor  rises  much  more  qnickly,  attains  and  passes  through  unity 
but  hugs  it  much  more  closely  than  does  the  ordinary  motor  go- 
ing also  to  a  greater  output  before  it  turns  back  and  the  output 
decreases.  The  greater  the  angular  displacement,  the  quicker 
the  power  factor  rises  and  the  greater  the  output.  It  is  found, 
however,  that  large  brush  displacement  influences  the  efficiency 
unfavorably  and  this  puts  an  effectual  atop  to  too  great  a  dis- 
placement. 

As  will  be  readily  noted,  the  brush  position  which  gives  the 
best  cos  <t>,  at  full  load  under  motor  action  gives  too  small  an 
output  when  the  machine  is  run  as  a  generator.  Since  there 
can  never  be  inductive  lagging  power  factor  and  any  output  from 
the  machine,  the  output  is  limited  by  the  intersection  of  the 
circle  with  the  pressure  line.  This  will  be  largely  raised  by 
sing  the  brush  displacement.' 
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Watts  Output 


PlATE  XXIV.— HevlaSd,  July   23.  1903. 
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The  use  of  some  motors  over-compensated  (m  li^ht  load  upon 
the  same  mains  as  some  regular  induction  motors  with  lag^ne: 
cos  ^,  should  be  noted  as  an  excellent  and  simple  method  for 
improving  the  general  power  factor  of  a  system. 

In  chapter  I,  reference  was  made  to  the  theory  of  the  induc- 
tion machine  built  up  by  Julius  Heubaeh  in  his  book,  Der  Dreh- 
stramnwtor  {Julius  Springer.  Berlin,  1903).  In  1904,  in  the 
Vortrdge,  Heubaeh  gives  a  Theorie  der  Kompfnsierten  Asyn- 
chranmaschine,  in  which  he  develops  working  basis  for  the 
compensated  machine  along  the  same  lines  as  in  his  book  for  the 
ordinary  induction  motor.  He  deals  first  with  an  ideal  motor  and 
gradually  introduces  the  complications  which  are  really  met 
with,  dealing,  however,  almost  entirely  with  the  motor  and  say- 
ing that  the  generator  action  may  be  obtained  by  completing 
to  circles  the  five  semi-circles  which  are  the  loci  of  the  ends  of 
the  current  pressure  and  flux  vectors. 

He  offers  no  experimental  verifieatioas,  nor  has  he  any  easy 
method  of  construction  or  reading  off  of  the  meehanieal  and 
other  characteristics.  Notwithstanding,  however,  his  work  is  of 
a  very  high  standard  and  is  a  noteworthy  contribution  to  the 
literature.  Since  his  method  does  not  obviate  the  experimental 
errors  in  the  determination  of  the  various  leakage  factors,  the 
results  to  be  obtained  from  his  diagrams  arc  necessarily  limited 
by  the  laj^e  per  cent,  of  inaccuracy  which  is  the  best  available 
in  determining  these  leakage  values.  One  reason  why  Grob's 
diagram  stands  preeminent  is  that  instead  of  necessitating  the 
observation  of  these  various  lealcage  factors,  the  data  to  be 
taken  are  easily  and  directly  read  and  if  desired  the  leaka^ 
factors  may  be  deduced  from  the  circles  with  a  very  oonsider- 
able  accuracy. 

Oscillograms 

The  theory  assumes  that  pressure,  current,  and  flux  are  all 
sine  waves,  and  it  is  of  interest  to  record  the  wave  shapes  used 
in  taking  the  experimental  data.  The  first  data  on  generator 
test  were  taken  with  a  pressure  wave  like  No.  1,  Plate  XXV, 
which  yields  when  subjected  to  the  80  part  Harmonic  Analyser 
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of  the  mathematics  department  of  the  University  of  "Wisconsin, 
the  Fourier  series, 

57  sin  K  —  8  sin  3x  +  17  sin  5s  (irregular) 

The  current  waves  will  be  distorted  as  shown  in  Nos.  5  and  6 
in  the  well-known  way  produced  by  a  circuit  containing  induc- 
tance and  resistance,  the  current  wave  bein^  as  shown  practically 
independent  of  the  shape  of  the  pressure  wave. 

Pressure  wave  No.  2  was  employed  in  the  second  set  of  gener- 
ator experiments  since  it  is  much  nearer  the  desired  sine  wavi- 
giving  the  following  series. 

54  sin  X  —  6  sin  3x 

Oscillograms  Nos.  3  and  i  are  from  the  induction  generator, 
capacity  excited  by  condensors  and  thus  free  from  the  influ- 
ence of  any  impressed  wave  shape.  No.  3.  the  prt'ssure  wave 
at  no  load,  is  a  very  smooth  curve  with  the  formula: 

6  sin  X  —  5  sin  3x,  other  terms  negligible, 
a  very  good  approximation  to  the  sine  curve. 

The  current  wave  of  No.  4  was  taken  when  the  current  per  <i> 
was  18.3  amperes,  the  pressure  109,  and  the  power  factor 
cos  <*  ^.904.  The  less  apparent  displacement  of  the  oseill(^ara 
is  without  doubt  due  to  the  fact  that  the  vibrator  of  the  oscillo- 
graph was  shunted  across  a  lead  through  only  a  small  part  of 
which  the  total  current  flowed,  much  of  the  resistance  drop  be- 
ing due  to  a  current  supplying  lamp  load  only. 

In  connection  with  this  curve,  a  rather  pecidiar  phenomenon 
was  observed.  Superimposed  upon  the  main  current  wave  (ap- 
pearing stationary  in  the  oscillogra|)h)  was  a  ripple  which  ap- 
peared periodically  and  traveled  from  left  to  right  over  the 
wave,  making  difficult  the  aocurate  determination  of  the  main 
wave.  The  period  of  recurrence  of  this  traveling  wave  was 
rather  long  and  its  wave  length  much  shorter  than  the  main 
wave.  This  may  be  caused  by  the  fact  that,  since  the  numbers 
of  the  stator  and  rotor  teeth  are  made  to  have  small  greatest 
eommon  divisor,  there  are  only  rare  intervals  when  the  flin 
path  is  highly  good  and  the  flux  passes  in  a  stronger  tuft.  If  the 
rotor  wore  running  in  synchronism  with  the  stator  frei^uency, 
these  tufts  would  show  up  on  the  pressure  wave  also. 
5  [477] 
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Since,  however,  there  is  a  slip,  the  recurrence  of  this  bunch  ol 
l:nes  of  force  takes  place  only  at  a  rate  much  slower  than  that 
of  nortuat  frequency,  giving,  in  fact,  a  traveling  wave  whose  rate 
of  recurrence  is  equal  to  the  slip.  This  is  a  rather  interesting 
carrying  through  of  stroboseopie  revealing  of  hidden  phenom- 
ena. 

The  oscillograms  listed  are 

No.  1.  No  load  3.^  pressure  from  a  3i^  and  'Iij)  synchronous 
machine.     Wagner  N(l  .919,  10  H.  P.  Type  6. 

No.  2.  No  load  pre.ssure  from  a  3^  synclironous  nrachine  G.  E. 
Co.  No.  75654,  16  H.  P.  Type  A.  S.  B. 

No.  3.  No  load  pre  sure  from  34>Indnction  Generator,  Brown, 
Boveri  No.  193913,  6  II.  P.  Condenser  excited. 

No.  4.     Ixiad  pressure  and  current  for  No.  3  generator. 

No.  5.  Pressure  and  current  on  load  composed  of  Iv  and  B  in 
series.     From  one  of  the  city  supply  generators. 

No.  6.  Same  curves  as  No.  5  from  a  S-J)  synchronous  machine. 
National  No.  1114.     Type  R.  B.  200  kw. 

In  connection  with  the  operation  of  the  induction  generator 
excited  by  eoudensfrs  in  the  high  prcfwure  side  of  transformers 
in  delta  across  the  stator,  (See  Plate  XIX)  a  rather  interesting 
phenomenon  was  noted.  As  pointed  out  by  A,  S.  McAllister, 
an  induction  generator  will  rise  to  the  voltage  represented  by 
the  intersection  of  the  magnetization  curve,  plotted  between 
volts  and  ex'citing  current,  and  the  line  drawn  to  represent  the 
condenser  used  to  excite  the  machine.  He  also  pointed  out  that 
there  would  be  some  capacities  so  low  that  they  would  nowhere 
intersect  the  curve  and  therefore  give  no  pressure  as  A.  In- 
creasing the  capacity  increases  the  pressure  as  shown.  If  the 
capacity  increases  indefinitely,  the  pressure  would  theoretically 
soon  come  to  a  practically  constant  value  and  remain  there, 
demanding  a  very  much  greater  magnetizing  current,  provided 
the  frequency  remains  constant.  The  limit  of  this  action  is 
when  an  infinite  capacity,  i.  e.,  a  conductor,  is  shunted  across  the 
stator.  This  infinite  capacity  line  would  cross  the  magnetiza- 
tion enrvc  at  =0  and  o  giving  maximum  pressure  with  00  mag- 
netizing current  or  zero  pressure  and  current.     As  seen  by  ex- 
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periment  whi-ii  an  infinite  capacity,  in  this  case  a  severely  punct- 
ured condenser,  was  put  across  the  line  the  exeitatiin  was  en- 
tirely lost.  Ordinarily, when  the  circuit  to  an  induction  machine 
is  broken,  magnetism  must  be  left  iu  at  least  two  of  the  three 
phases,  no  matter  at  what  point  of  the  wave  the  switch  is  pulled, 
and  upon  again  starting  as  a  generator  the  machine  will  pickup 
by  itself.  After  passing  through  the  reduction  to  zero,  how- 
ever, by  means  of  oo  capacity  all  the  maiinetism  is  killed,  there 
is  no  residual,  and  one  phase  must  be  primed  from  an  external 
source  in  order  to  start  the  machine.  In  some  eases  when  the 
punctured  condenser  was  inadvertently  left  included,  the  ma- 
chine would  not  excite  even  though  primed,  since  it  immediately 
returned  to  zero. 

Ileyland  in  describing  some  tests  on  his  first  machine  says  in 
this  respect :  ' '  The  chief  difference  in  the  asjTichronous  alternate 
current  dynamo  is  the  fact  that  it  does  not  possess  fixed  poles 
as  in  the  continuous  current  dynamo  and  has  therefore  also  no 
residual  magnetism.  .  .  .  residual  magnetism  is  absent 
and  after  bringing  the  generator  up  to  speed  it  must  be  sep- 
arately excited  from  some  external  source."* 

The  machine  which  I  used  was  regular  stator  eonstmetioa 
without  pole-pieces  and  yet  picked  up  invariably,  unless  the 
magnetism  had  been  killed  by  raisinj;  the  capacity  to  an  infinite 
value.  It  would  appear  that  Jlr.  Hcyland's  machine  should  have 
picked  up  alwi.  The  phenomena  attending  critical  speed  were 
also  obser\'ed.  That  is,  there  was  d  definite  speed  below  which 
the  machine  would  not  pick  up  with  a  certain  condenser  and 
above  which  it  worked  nicely.  It  was  noticed  that  the  change 
of  the  capacity  in  any  one  leg  influenced  the  voltage  of  the 
whole  system  si>  the  experiment  was  tried,  keeping  the  speed  of 
prime  mover  constant,  of  adjusting  the  pressure  with  varying 
load  by  means  of  a  variable  condenser  in  one  leg.  It  behaved 
admirably,  acting,  of  course,  simply  as  a  field  rheostat  in  a  shunt 
direct  current  machine  to  varj'  the  amount  of  the  exciting  cur- 
rent.    With  constant  rotor  speed,   however,  the  increased  slip 

'  KlcctridoH    ILondon).  Jan.    24,    1902. 
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under  load  necessarily  gives  a  lowered  line  frequ«icy;  this 
lower  frequency  applied  to  the  condenser  requires  for  the  same 
effeetive  eapaeity-reactance  a  much  larger  capacity  in  micro- 
farads than  as  though  the  line  frequency  were  constant.  This 
itieaus  that  the  regulation  is  very  bad  and  with  increasing  load 
the  attendant  in  charge  of  the  condenser  must  be  very  active  or 
hia  voltage  will  not  only  fall  low  but  he  will  lose  his  excitation 
and  have  to  begin  anew.  The  curves,  shown  in  Plates  XXVII  and 
XXVIII,  are  verj'  ragged,  following  the  variations  in  pressure. 
These,  however,  are  as  closely  adja^ted  as  the  steps  of  the  con- 
denser would  penuit. 

The  lines  for  the  compensated  motor  in  the  Grob  diagram 
may  be  found  as  follows.  In  the  Heyland  diagram  the  sec- 
ondary power  factor  is  taken  as  unity,  that  is,  secondary  cur- 
rent In  in  phase  with  E,  and  therefore  at  right  angle  to  ^,,  the 
secondary  flux.  This  cannot  be  true  for  any  position  except  at 
synchronism  where  the  frequency  in  the  secondary  circuit  is 
zero,  since  there  is  some  inductance  even  in  a  squirrel-cage  rotor, 
and  L  combined  with  even  a  small  f  will  inevitably  produce  its 
2w  fL  and  phase  angle. 

This  angle  will  increase  up  to  standstill  where  full  frequency 
is  impressed;  in  fact,  in  both  directions  from  synchronism  the 
frequency  will  increase  until  infinite  frequency  is  reached;  but 
by  what  law  this  variation  occurs  is  not  known.  Some  prelimin- 
ary experimentation  showed  that  this  determination  of  law  of 
change  of  cos  ^j  is  far  from  free  of  complexities  and,  due  to 
shortness  of  time,  this  particular  line  of  investigation  was  aban- 
doned for  the  time  (although  the  author  hopes  later  to  take  this 
point  up  much  more  fully)  when  it  was  found  that  variations  in 
pressure  much  smaller  than  could  be  regulated  varied  the  obser- 
vations to  such  an  extent  as  to  make  consistent  data  impossible. 

The  problem  even  for  the  ordinary  motor  is  an  interesting  one, 
for  we  have  in  addition  to  the  increasing  frequency  with  in- 
crease of  load  the  increase  of  saturation;  and  varying  with  that 
the  increase  of  current,  and  flux— wave-distortion,  which  though 
small  at  no  load  due  to  the  air-gap,  soon  becomes  far  from 
negligible.  L,  and  M  both  vary  with  load  also  and  like  so  many 
[482] 
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Output    KW. 

Plate  XXVII. — Bbown  Botxki  iMDrcnoN  Oenxbatob. 
Capacltr  excited. 
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of  the  funetioDs  in  the  motOT  with  a  most  peculiar  law  of  varia- 
tion. 

On  the  whole,  bt  quote  a  member  of  the  department  of  physics, 
"this  point  alone  would 'makea  most  excellent  and  complete  sub- 
ject for  an  investigation  for  a  Ph.  D.  thesis." 

Acknowledeing,  then,  the  source  of  error  involved  in  the  com- 
pensa ted- motor  diagram  for  which  this  is  in  a  measure  an  under- 
lying point,  I  proceed  to  the  development,  claiming,  however, 
a»  is  due,  a  much  greater  accuracy  than  is  found  in  Heyland's. 
The  limits  upon  the  eirele  between  which  the  free  end  of  the 
secondary  Hux  vector  can  move  are  a  very  small  per  cent,  of  the 
total  circumference  and  thus  the  total  error  is  not  large. 

Starting,  then,  with  the  Brown,  Boveri  motor,  on  which  the 
m<Ht  accurate  work  has  been  done  here,  let  us  consider  that  it 
is  fitted  with  a  direct  current  armature  with  shorted  eoramutator 
and  that  the  brushes  an>  displaced  five  electrical  degrees.  (Plate 
XVI.)  Let  us  further  asmne  that  we  desire  to  obtain  unity 
power  factor  at  a  load  a  little  less  than  full  load.  The  construc- 
tion will  proceed  as  follows :— parallel  to  the  diameter  through 
the  no  load  current  position,  draw  a  line  through  the  desired 
value  on  the  pressure  line  (where,  of  course.  I,  and  E,  are  in 
phase  at  unity  cos  ^). 

Lay  off  an  an^e  of  5°  from  this  line  and  another  at  5°  from 
the  center  of  the  circle.  Draw  the  flux  line  and  perpendicular 
to  it,  through  the  intersection  of  the  5°  line  and  the  circle,  a  line 
to  intersect  the  secMidary  cirelo.  Draw  a  line  from  the  new  pri- 
mary current  end  through  the  upper  intersection  of  the  circles; 
this  is  the  new  secondary  current.  The  change  in  the  secondary 
circle  is  so  slight  as  to  be  inappreciable,  the  iHcrease  of  secondary 
current  coming  at  the  other  end.  Now,  with  center  on  5°  line 
through  the  center  of  the  original  circle  draw  a  circle  through 
the  end  of  the  new  primarj- current  and  through  the  far  end  of  the 
flux  line.  This  will  be  the  circle  for  the  compensated  motor  and 
aelf-excited  generator  under  the  conditions  specified  and  to  the 
same  scale  as  the  ordinary  circle.  The  maximum  motor  output 
will  exceed  that  cf  the  uneompeB-sated  motor  and  the  power  fac- 
tor will  be  much  higher  starting  as  a  leading — passing  through 
onity  and  continuir^  m  a  lagging--power  factor.  At  the  maxi- 
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mum  output  (about  15.6  h.  p.  with  this  arraQgement  as  ctHapared 
with  12.3  h.  p.  as  a  uormal  motor)  the  power  factor  is  still  as 
high  as  91  per  ceut.  As  a  generator,  the  machine  will  be  aelf- 
excitiag  only  so  long  as  the  circle  stays  on  the  right  of  the  pres- 
sure line.  With  this  particular  brush  position  the  output  could 
rise  only  to  about  6  h.  p.  This  shows  the  necessity  of  a  greater 
brush  displacement  for  generator  than  for  motor  action  and 
also  that  for  best  performance  the  brushes  must  be  shifted  when 
the  change  in  function  occurs.  This  is  true  since  the  poeition 
which  would  give  proper  output  as  a  generator  (a  larger  diam- 
eter circle)  would  give  a  motor  power  factor  very  bad  as  a  lead- 
ing current.  To  represent  different  brush  displacements  other 
circles  are  necessarily  constructed  in  a  manner  just  like  the 
above  except  that  some  other  number  of  de^ees  is  selected  and 
the  new  center  is  differently  displaced.  If  it  is  desired  to  have 
unity  power  factor  fall  at  some  other  load  it  may  readily  be 
done  simply  by  choosing  that  point  as  the  origin  of  field  of  fiux, 
and  of  secondary  current.  As  has  been  pointed  out,  it  is  entirely 
possible  so  to  adjust  a  compensated  motor  that  its  leading  cur- 
rent at  light  loads  will  just  balance  the  lagging  currents  of  sim- 
ilar uncompensated  motors  at  light  load.  Curves  have  been 
drawn  for  the  ordinary  motor  and  generator  and  for  the  same 
machine  compensated  for  unity  power  factor  at  normal  full 
load  and  with  5°  brush  displacement. 

As  plotted,  the  curves  for  the  5°  machine  seem  to  point  to 
error,  since  not  alone  is  the  ratio  of  mechanical  to  e.  h.  p.  greater 
than  one,  during  much  of  the  range,  but  there  is  a  time  when 
both  are  output.  It  must  be  remembered,  however,  that  the 
c.  h.  p.  curve  involves  only  the  power  brought  to  or  taken  from 
the  stator  and  to  represent  the  total  this  would  need  to  have 
added  to  it  the  power  to  the  rotor.  The  most  interest  attaches, 
hoivever,  to  the  relation  between  the  atator  currents  in  the  two 
cases.  The  appearance  of  mechanical  power  from  the  rotor  and 
electrical  at  the  same  time  from  the  stator  is  like  taking,  in  the 
ordinary  motor,  current  and  mechanical  power  both  from  the 
rotor.  The  machine  acts  in  each  case  both  as  motor  and  as  trans- 
former being  thus  Steinraetz's  "most  general  case  of  the  alter- 
nating current  transformer  "si  nee  it  gives  out  part  of  the  energy 
[4861 


D.qit.zeaOvGoOt^lc 


FLSSBLtr— SEJ-EXCITING  ASYNCHRONOUS  OENBEtATOBS         75 

as  mechaiiical  power  aod  part  as  electrical  at  changed  preeeure 
and  frequency.  As  shown,  (Plate  XVHb)  the  compensated 
machine  will  give  motor  output  nearly  up  to  synehnmism  with 
input  to  both  stator  and  rotor.  Then  the  rotor  becomes  the 
only  point  of  input  and  mechanical  power  and  electrical  from 
stator  may  be  obtained  up  to  a  little  above  synchronism.  There- 
after, mechanical  power  must  be  input  and  electrical  output  is 
derived  from  the  stator.  Self-excitation  with  5°  di^lacement 
continues  only  up  to  a  triHe  over  6.  h.  p.  and  thereafter  some 
other  source  of  leading  current  must  be  employed,  although, 
as  will  be  noted,  the  amount  of  this  leading  current  is  much 
less  than  is  required  by  the  normal  motor. 

It  will  be  noted  that  while  the  power  factor  rises  both  in  motor 
and  generator  mueh  faster  and  higher  than  when  uneompen- 
sated,  although  it  reaches  unity  and  passes  through,  it  merely 
hovers  m-ar  it  and  does  not,, as  Heyland's  early  articles  main- 
tained, give  "unity  for  all  loads."'  It  does  stay  good  up  to  more 
than  100  per  cent,  overload  as  a  motor  {as  a  generator  it  soon 
falls  off) ,  but  not  at  unity,  and  while  .97  is  good,  it  still  repre- 
sents an  angle  cf  14°  4'  between  presmre  and  current,  while 
.95  is  18°  12'  and  .90  (often  reached  by  ordinary  motors)  is  only 
25°  50',  an  angle  of  S°  6'  with  .99  power  factor. 

The  curves  of  primary  current  for  the  two  machines  are  much 
alilfc;  the  main  difference  being  in  their  minima,  the  compen- 
sated falling  mueh  below  the  ordinarj-  induction  motor  for  its 
minimum  current  when  power  factor  equals  zero. 

An  efficieney  curve  can.  of  course,  not  be  plotted  for  the  com- 
pensated machine  until  the  total  input  is  known  both  to  stator 
and  rotor. 

The  rotor  current  flows  due  to  a  pressure  which  is  the  result- 
ant of  two  components,  one  due  to  motion  in  stator  field  which 
is  perpendicular  to  rotor  field  and  varies  directly  with  the  slip, 
the  other  component  :s  that  which  comes  in  from  the  line  and  is 
of  constant  value  and  is  fixed  in  position  by  the  degree  of  brush 
displacement. 

At  synehronism  the  first  of  these  falls  to  zero  sinee  there  is  no 

relative  motion  and  therefore  no  cutting  of  stator  lines  by  the 

rotor.     The  current  triangle  falls  into  a  straight  line  at  syn- 
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cbronism  '.n  which  case  the  eqaatioo  I,  ^  I,  +  In,  hdds  slgebnt- 
ically.  wheri'aa  in  all  other  places  it  is  merely  a  vector  equation. 
To  determine  rotor  inpat  for  positions  other  than  ^ynchroniEon 
a  knowledge  of  secondary  power  factor  is  requisite  and  since 
this  is  a  variable  of  unknown  law  this  aolidiiHi  will  have  to  be 
postponed  for  some  future  investigation. 


Brown.  Boveri  CoMPKNaATKD  5°  DrgpLACBtncNT 

SL'aleJ  from  diagram.     Piato  XVI, 


aui. 

SkrA'n>R  H.  P. 

Per  cent  Cos  f 

Eipctrli'Hl.          MechaDloal. 

m 

118 

10  3 

24.0 

^iwi'di.iiu. 

m 

23.8 

^ 

i-u 

i» 

MM 
23,2 

li 

1 

ire 

7U 

1*;* 

M 

103 

15:2 

13.5 

97 

W 

IW 

90 

078 

30 

i.i 

100 

3.2 

9B 

IBS 

m 

10  _ 

sis 

X 

007 

"-, 

X 

K05 

6.3 

S! 

2.0 

1.2 

» 

m 

HO 

m 

i,2 

IOC 

M9 

40 

]i-7 

ri'.i 

91 

Wt 

:a.9 

22  > 

131 

(00 

2S-2 

29.1 
38,0 

1 

Z& 

150 

12,1 

WO- 

1-5 

31 

«i!h 

23 

39.0 

« 

188 

11,8 

19,3 

U 

The  Machines 

In  the  produetion  of  a  machine  which  will  excite  itself  as  a 
^nerator  and  have  a  good  power  factor  as  a  motor,  many  hy- 
brids have  resulted  some  of  which  are  important  and  others 
mere  freaks. 
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The  gen^rai  scheme  has  been  to  place  in  the  rotating  field  of 
an  ordinary  stator  a  rotor  which  consists  essenti^ly  of  a  direct 
current  armature,  (modified  in  different  ways  to  supprees 
sp&rking,  etc.),  into  which  current  of  the  frequency  of  the  line 
is  1<^  through  brushes  spaced  around  the  commutator  at  elec- 
trical angles  equal  to  the  number  of  degrees  of  the  system,  90° 
for  two  phase,  120°  for  three  phase,  etc. 

The  first  schemes  merely  short  circuited  the  commutators  of 
ordinarj-  direct  current  armatures  through  a  low  resistance, 
while  the  later  ones  have  produced  mailed  changes  in  the  inter- 
nal construction  and  winding,  all  retaining,  however,  the  com- 
mutator and  three  brushes,  which  by  their  displacement  deter- 
mine where  in  space  the  exciting  field,  now  coming  from  the 
rotor,  shall  be  held  fast. 

Since  compensation  brings  the  slip  to  lower  values,  making 
more  care  requisite  in  paralleling  though  not  needing  synchroni- 
zatiim,  there  have  resulted  as  examples  of  the  hybrids  men- 
tioned above,  asynchronous  motors  which  run  at  synchronous 
speed,  and  synchronous  motors  with  a  pronounced  slip. 

Any  device  by  which  we  can  produce  the  wattless  component 
necessarj'  for  excitation,  on  the  scene  of  action,  and  obviate  its 
transmission  with  the  accompanying  lowered  power  factor,  will 
be  an  immense  improvement. 

If  with  an  ordinary  induction  rotor  locked  in  position  current 
of  the  line  frequency  be  led  to  the  slip  rings,  a  revolving  field 
will  be  set  up  in  the  rotor  which  will  travel  around  at  the  same 
rate  as  that  in  the  stator,  and.  by  making  its  ampere-tum 
strength  exceed  that  of  the  field  by  the  proper  amount,  the  watt- 
less component  of  the  stator  current  may  be  annulled.  If  the 
rotor  be  brought  up  to  synchronous  speed,  the  same  results  can 
be  achieved  by  using  a  direct  current  of  the  proper  value.  {This 
becomes  an  induction  motor  running  synchronously.) 

For  speeds  other  than  standstill  and  synchronism  the  wattless 
primary  current  may  be  balanced  and  the  line  power  factor 
raised  to  unity  by  impressing  the  proper  frequency  on  the  rotor. 
This  proper  frequency  may  be  obtained  by  supplying  a  eom- 
mntator  and  brushes  to  which  line  frequency  is  led.  No  matter 
at  what  speed  the  armature  may  he   rotated  the  commutator 
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causes  the  current  to  pass  through  conductors  having  the  same 
position  in  space  and  therefore  the  same  relation  to  the  ma^et- 
ism  of  the  stator. 

The  frequency  necessary  at  any  time  is  line  frequency  less 
the  frequency  of  the  rotation.  Thus  at  standstill  60  frequency 
— 0  frequency  =  60  frequency.  At  synchronism  60  frequency 
— 60  frequency  — 0  frequency;  at  half  speed  60  frequency — 
30  frequency  ;=  30  frequency,  etc. 

An  ordinary  direct  current  armature  would  have  no  torque 
since  no  current  would  flow  in  it.  We  must,  therefore,  connect 
together  points  which  have  some  difference  of  potential  that  cur- 
rent may  flow  and  torque  be  exerted.  To  this  end  Heyland  in  his 
first  machine  simply  shorted  the  whole  commutator.  (This  waa 
also  done  at  practically  the  same  period  by  Professor  D.  C. 
Jackson  at  the  University  of  "Wisconsin.)  These  shorting  resist- 
ances form  a  shunt  through  which  the  reactance  voltage  at  the 
instant  of  commutation  may  discharge  and  thus  improve  spark- 
less  conditions  at  the  brushes. 

As  to  the  degree  to  which  commutation  has  been  improved 
opinions  differ.  Most  of  the  foreign  comments  are  decidedly 
favorable,  but  as  most  of  the  writers  were  describing  the  ma- 
chines they  themselves  had  invented-  we  must  remember  that 
their  panegyrics  may.  in  a  measure  at  least,  be  due  to  enthusiasm. 
In  this  country.  Prof.  C.  A.  Adams'  experiments  with  a  G.  E. 
experimental  model  did  not  show  perfection,  though  he  ad- 
mits his  connections  (for  compounding)  were  a  little  question- 
able. Dr.  A.  S.  McAllister  in  his  most  excellent  treatise,  Alter- 
jiating  Current  Motors,  says  (p.  45) :  "So  effective  is  the  elim- 
ination of  sparking  that  no  observable  result  is  produced  by 
shifting  the  brushes  into  any  position."  Also;  "The  resistance 
forms  a  non-inductive  shunt  .  .  .  which  fact  allows  the  use 
of  copper  brushes  of  cross  section  much  less  than  that  required 
for  carbon  brushes  and  the  commutator  is  given  a  correspond- 
ingly smaller  size."  Prof.  Adams  says:  "The  large  exciting  cur- 
rents used  in  the  generator  tests  gave  trouble  on  another  score, 
that  of  sparking;  in  fact  with  any  exciting  current  within  the 
working  range  there  was  some  sparking,  but  with  the  larger  cur- 
rents the  sparking  was  so  vicious  as  to  require  that  the  com- 
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mutator  should  be  turned  down  after  a  run  of  a  few  hours.  It 
is  thus  evident  that  the  damping  effect  of  the  low  reaistance 
squirrel  cage  is  not  sufficient  to  warrant  the  use  of  copper 
brushes,  certainly  not  with  such  a  smfill  number  of  commuta- 
tor bars  '"■  (The  squirrel  cage  mentioned  is  another  device  to 
obtain  torque  and  supposedly  to  prevent  sparking.) 

Like  bO  many  other  points,  in  a  8ub.ji'et  of  this  nature  so  far 
from  being  settled,  it  is  necessary  to  weigh  the  evidence,  in 
the  absente  of  personal  experimentation,  and  then  draw  your 
owu  conclusions 

The  first  motor  was  Goi^s,*  a  series  polyphase  motor,  which 
was  excellent  at  synchronous  speed  but  execrable  elsewhere  and 
since  the  series  motor  characteristics  do  not  leave  it  long  at  syn- 
chronous speed  it  met  with  no  success. 

Blondel'  brought  out  a  motor  which  was  in  a  measure  the  com- 
plement of  Heyland's  since  it  consisted  of  the  same  stator  and 
same  short-circuited  direct  current  armature  but  used  in  place 
of  the  polyphase  rotor  excitation,  direct  current  excitation  put 
into  the  armature  through  brushes  rotated  by  a  synchronous 
motor.  The  action  of  this  motor  was  successful,  it  being  in  all 
essentials  identical  in  theory  with  Heyland's.  but  the  complica- 
tion of  the  synchronous  motor  and  keeping  the  pressure  of  brush 
on  commutator  uniform  prevented  commercial  success. 

It  is  regrettable  that  so  many  additions  to  knowledge  are  ac- 
companied by  discord.  The  compensated  motor  is  not  an  ex- 
ception; the  discussion  between  Heyland  and  Latour  as  to 
priority  of  invention  being  almost  as  acrimonious  as  the  Tesla-  , 
Ferraris  controversy.  Heyland's  first  article'  appeared  in  1901 
and  described  the  motor  with  direct  current  armature  shorted 
through  non-inductive  resistances;  and  also  the  machine  with 
two  windings,  one  straight  direct  current,  the  other  squirrel- 
cage.  He  noted  that  it  would  self-excite  as  a  generator. 
Latour  describes"  a  very  similar  machine  intended  as  a  gener- 

•A,  /,  E.  B.   Trans.,  arti  780. 

'  K'fkirotefhnltche  ZHttehrlli.    Doc.    25,    1891. 

'Er.    EJ..   Aug.   20.    IfiftO, 

•  Slfttroterhnttehe  Zeltucltritt.  AuB-  8.  IflOl, 

'  Inilvttne  Bleeinqve,  Feb.  25.  Apr.  10  and  25,  1902. 
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ator  principally.  It  differs  from  Heylaud's  in  having  no  squir- 
rel-cage and  is  in  fact  as  he  caUs  it  a  "shunt-machine,"  The 
current  of  slip  frequency  finds  a  path,  in  lieu  of  any  other, 
back  through  the  supply  lines. 

Osnoe  has  described'"  a  machine  in  which  the  exciting  current 
U  eonimutated  in  a  small  auxiliary  armature  and  then  led  in 
rotor  through  rings. 

At  the  St.  Louis  Congress,  where  the  compensated  machine 
was  si'verely  criticized  as  being  beautiful  but  not  applicable  to 
machines  of  sufficient  size  to  be  commercially  practicable  {500 
Kilovolt- ampere  machines  have  been  built  and  run  successfully), 
this  device  of  external  commutator  was  spoken  of  as  the  possi- 
ble saving  of  the  situation  for  the  compensated  machine.  In 
all  of  Heyland's  numerous  machines  this  commutator  (called 
"sifting  device"  by  Prof.  Karapetoff  since  it  separates  watt 
from  wattless  current  and  allows  of  real  flat  compounding  re- 
gardless of  power  factor)  is  the  one  unchanged  and  unchange- 
able feature. 

An  alternator  with  a  practically  constant  frequency  and  speed 
but  re^iniring  no  synchronizing  to  parallel,  which  ean  be  com- 
pounded to  any  desired  extent  and  is  absolutely  self-contained 
except  for  static  transformers,  being  thus  independent  of  any 
exciting  source  whatsoever,  is  assuredly  a  desideratum.  The 
statement  made  at  St.  Louis  that  in  any  plant  lai^e  enough  to 
need  such  regulation  there  would  always  be  an  attendant  who 
could  watch  the  voltage,  does  not  appeal  to  me  as  at  all  re- 
moving the  desirability  of  an  absolutely  automatic  regulation. 
A  synchronous  alternator  with  a  good  Tirrell  or  similar  regu- 
lator in  the  excit-er  circuit  would  be  hard  to  beat  -on  load  of 
unity  power  factor  but  there  is  no  other  device  than  the  com- 
pensated and  compounded  induction  generator  employing  this 
sifting  commutator  which  will  automatically  compound  for  the 
energj'  current  alone  in  circuits  of  any  power  factor. 

The  figure  (Plate  XXIX)  shows  two  rotors  both  essentially 
direct  current  armatures  but  modified;  one  by  resistances  sfaort- 
ing  from  one  commutator  bar  to  the  next,  the  other  by  the  ad- 

"  Eleklrotfclitiliehe  Ztft»chriSi,  Oct.   Ifl    1902. 
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dition  of  a  n'giilar  sijuiirol-oagc  wind  iil;  of  iiiwiium  rtiNistaiu-e 
in  the  same  inm  with  the  dii-w-t  eurrciit  winding. 

The  upper  figure  (Plate  XXIX)  shows  a  favoritii  fonncetion 
which  obviates  the  expense  of  a  S('i)arate  trnnsfiirmer  for  reduc- 
ing line  pressure  to  a  value  whieh  ean  be  ijue-  's.sf.illy  handled 
by  the  rotor  commutator.  As  seen,  it  employs  the  stator  iron  as 
core  for  a  polyphase  transformer  of  which  the  normal  stator 
winding  is  primarj'  and  the  additional  low  ten?;ion  winding 
shorted  through  the  rotor,  which  may  be  of  any  tyjic,  is  the  see- 
on  dary. 

Ileyland's  most  sucecs.sful  winding  scheme  is  shown  by  the 
upper  pair  of  figures  which  p'ctnre  a  two-pole  three  phase  nia- 
ehine  showing  two  conditions  in  the  commutation  cycle.  Th? 
brushes  are  shown  as  movinL^.the  armature  stationary,  of  course 
idinfical  in  result  with  the  a.^ual  condition  since  r;'lative  mo- 
ton  atoTie  i:j  essential.  The  winding  shown  ha.s  2  liars  p-.T 
pole  per  phase  that  arc  active,  and .  1  p;'r  pole  per  phase 
iniictive,  thus  making  18  in  all.  The  winding  is  in  six  sec- 
tions shorted  inside  the  bars  by  10  ohmie  resistanei's  by 
th:'  proper  projioitioning  of  wh'ch  the  reactanee  volt;!^;'  of 
commutation  may  he  reduced  theoretically  with  a  sin:>  wave 
to  zero.  Practically  there  exist  enough  harmonic;  in  every  wave 
to  produce  some  sp:irking  at  any  time,  but  a  .small  minimum 
may  be  reaehid  and  it  is  inten'st'ng  to  note,  as  pointed  out  by 
Ileyland's  paper  at  St.  Louis,  thnt  it  is  poisible  to  reduce  to 
zero  with  a  perfect  wave,  a  thing  not  ever  pcs^ible  with  a  direct 
current  comnnitator. 

The  brushes  are  macie  wide  enoufih  to  span  the  inactive  f»-)i- 
nients  a;  shown  to  the  riirlit  where  brush  I  is  in  the  art  (if  eom- 
mutating,  that  is,  f:hort  eireiiitinir.  the  pctlve  .seg;nents  of  oppo- 
site sign.  In  these  two  fij«ures  is  shown  the  action  of  this  ma- 
chine which  !s  a  successfully  sclf-exeitinsr  and  compounding  st/ii- 
chronoiis  generator.  Though  not  coming  ^f!■ictly  under  the 
heading  of  this  th.'sis  this  niiiehine  is  ineUidcd  beeanse  it  is  a 
dirwt  product  of  work  on  asynchronous  machines  and  Wfinld 
never  have  been  evolved  save  as  the  limit  of  gradual  injection 
into  the  induction  machine  of  characteristics  of  the  synchronous. 
It  becomes  vcr\-  diflieult  to  ti'U  to  which  class  a  machine  reid'y 
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PLATK    XXIX.— WlNMN.l    DiAGRA 
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Plate  XXX. — Heylaxd's  Connections. 
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hi'longs  when  it  imr!ak;-.s,  as  wt  many  do.  so  verj'  strongly  of  the 
I'hariidfristios  of  both.  This  ciiininutator  has  thi>  saiiif  func- 
tion of  sift'.ng  out  watt  from  wattless  as  in  the  inilui-tion  ma- 
chine pure  and  simpli'  ami  tln'  nn'thod  of  ciimpoundiiig  is  iden- 
tical. 

At  first,  for  I'l'niiioundiii;:.  Ili-yland  used  a  s("cnn<l  s  t  of  thri'i- 
Itrushcs  plat'i'd  on  the  commutator  ill)'  ahead  of  the  first  set 
(since  then'  is  a  !>()  \ag  of  watth'ss  current  l>;'hind  c.  m.  f.). 
This  worked  very  s;iti.sfactoril,v  hut  the  six  brushes  looked  for- 
inidtible  so  he  reduei^d  them  to  thiee  by  using  (as  is  ne;-;v-/;ary 
with  large  maehim-.;)  tn-nsforniers  and  connecting  (as  shown 
in  lower  figure)  the  s.-c(m(laries  of  the  exciting  transformers 
in  mesh  whereas  tlic  priniiLriei  aie  in  stiir.  This  ^',vi-^  an  id- 
ditional  angle  of  .■!(J\  which  i'dded  to  the  illP  gA-i's  ]2ir.  thus 
coinciding  with  the  next  brush  and  niakinsc  b:!t  thr.'c  reciui-ite. 

Ill  the  lower  ligiirc.  No.  1  i.s  the  priiuaiy  yn\'  of  th '  h:a- 
pounding  transfornn  r  rnd  Xo.  2,  th-  svcnnd;iry.  Xo.  -i  U  the 
generator  armature  (stationaiy)  and  Xo.  4  h  ar;r)iluri'  and 
commutator  as  shii^n  n  upp.T  fi;'uro.  while  Xo.  .')  i;  priniarj' 
and  \o.  (>  sceondaiy  of  the  exciting  transfonrer. 

Ity  adjusting  the  number  of  turns  in  th'"'  co'upo-.ii'd'ng  tr;>n,s- 
formiT  any  desired  d['t;re-  of  eojiipounding  may  be  obtained 
while  the  main  exciting  eurrent  is  varied  if  d"sin-d  by  virabl' 
r:'sistanee.  although  the  id'-a  i-;  i■^  fi\  the  Hd.ju-tments  onee  and 
then  leave  them  alimc  unless  it  is  d.'sired  to  correct  for  greatt-r 
line  drop.  etc. 
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